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ABSTRACT
We p r e s e n t  th e  o p t i c a l  model a n a l y s i s  o f  p ro to n  e l a s t i c  s c a t t e r i n g  
on l i g h t  n u c l e i ,  w ith  improved s p i n - o r b i t  f o r c e ,  in  th e  energy  range  50 
to  160 MeV.
The p a r t i c u l a r  p o t e n t i a l s  a r e  de te rm ined  by v a ry in g  in d e p e n d e n t ly  
a l l  th e  p a ra m e te rs  o f  th e  phenom enolog ical o p t i c a l  p o t e n t i a l  f o r  p + ^^C 
e l a s t i c  s c a t t e r i n g  and good d e s c r i p t i o n  i s  o b ta in e d  f o r  t h i s  t a r g e t  
n u c le u s  in  th e  energy  range  c o n s id e re d .  Then, th e  av e ra g e  p o t e n t i a l  i s  
deduced. When t h i s  av e rag e  p o t e n t i a l  i s  u sed ,  w i th o u t  p a ra m e te r  
a d ju s tm e n t ,  to  d e s c r ib e  p + ^ ^0 e l a s t i c  s c a t t e r i n g  a com parable f i t  to
th e  d a t a  i s  o b ta in e d .  The dependence on mass number comes o n ly  th ro u g h
th e  h a l f -w a y  r a d i u s .  F u r th e rm o re ,  when t h i s  p o t e n t i a l  i s  a p p l i e d  to  
o th e r  n e ig h b o u r in g  n u c l e i ,  ra n g in g  from ^Be to  s i m i l a r  a c c e p ta b le
f i t s  t o  th e  above d a t a  a r e  a l s o  o b ta in e d .  Hence, th e  v a l i d i t y  o f  our 
a v e ra g e  p o t e n t i a l  i s  n o t  r e s t r i c t e d  to  th e  t a r g e t  n u c l e i  hav in g  o n ly  
a l p h a - c l u s t e r  s t r u c t u r e .
The s p i n - o r b i t  p o t e n t i a l  i s  c a l c u l a t e d  m ic r o s c o p ic a l ly  u s in g  
th e  im pu lse  ap p ro x im a tio n  and th e  f i r s t - o r d e r  m u l t ip l e  s c a t t e r i n g  th e o ry .  
This  p o t e n t i a l  i s  th e n  g iven  f i n e r  a d ju s tm e n ts  t o  o p t im iz e  th e  f i t  t o  
t h e  p o l a r i s a t i o n  d a t a .  This  r e s u l t s  in  th e  s p i n - o r b i t  p o t e n t i a l  h av in g  
d i f f e r e n t  p a ra m e te rs  f o r  t h e i r  r e a l  and im ag in a ry  p a r t s .  The s ix - p a r a m e te r  
model i s  more in  acco rd  w ith  th e  m ic ro sc o p ic  f in d in g s  and i t  g iv e s
im proved d e s c r i p t i o n  to  th e  e x p e r im e n ta l  d a t a .
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CHAPTER 1
INTRODUCTION
I t  i s  w e ll  known now t h a t  th e  a tom ic  n u c l e i  a r e  composed o f  Z
p ro to n s  and N n e u t ro n s ,  th e  t o t a l  number o f  th e s e  nuc leo n s  b e in g  th e
mass (a tom ic)  number A = N + Ever s in c e  i t s  v e ry  e x i s t e n c e ,  th e
p re s e n c e  o f  n u c le u s  was r e v e a le d  and i t s  c o n s t i t u e n t s  were s tu d i e d  by
( 2 )c o l l i s i o n  ex p e r im en ts^  , The s u i t a b l e  p ro b es  to  s tu d y  th e  n u c le u s  
have been  found i n  th e  n u c l e a r  and s u b -n u c le a r  p a r t i c l e s  th em se lv es  
such as n e u t ro n s ,  p ro to n s  and p io n s  as w e l l  as  o th e r  n u c l e i .  Along 
t h i s  l i n e ,  th e  t h e o r e t i c a l  i n t e r p r e t a t i o n s  o f  th e  p ro c e s s e s  in v o lv e d  
a re  p ro v id e d  by th e  m a th em a tica l  th e o ry  o f  s c a t t e r i n g  and r e a c t i o n  
p r o c e s s e s  on th e  b a s i s  o f  quantum m echan ica l id e a  o f  w a v e - p a r t i c l e  
d u a l i t y ^ ^ '^ ^ .  The wave motion o f  th e  p r o j e c t i l e s  i s  u sed  f o r  " lo o k in g "  
a t  th e  n u c l e i .
Nucleons i n c i d e n t  on a t a r g e t  n u c le u s  i n t e r a c t  in  many ways.
By o b s e rv in g  th e  o u tg o in g  p a r t i c l e s  th e s e  i n t e r a c t i o n s  can be c l a s s i f i e d  
i n t o  two main c a t e g o r i e s :  s c a t t e r i n g  and r e a c t i o n .  The s c a t t e r i n g
p ro c e s s  d e s c r ib e s  th e  s i t u a t i o n  where th e  o u tg o in g  p a r t i c l e s  a r e  i d e n t i c a l  
w ith  th e  i n c i d e n t  ones ; w hereas a r e a c t i o n  ta k e s  p la c e  when th e  o u tg o in g  
p a r t i c l e s  a re  d i f f e r e n t ,  im p ly ing  th e  exchange o f  p a r t i c l e s  between th e  
p r o j e c t i l e  and th e  t a r g e t .  The l a t t e r  i s  sometimes c a l l e d  r e a r ra n g e m e n t  
c o l l i s i o n .  S c a t t e r i n g  can be f u r t h e r  d iv id e d  i n t o  e l a s t i c  and i n e l a s t i c .  
In e l a s t i c  s c a t t e r i n g  th e  o u tg o in g  nuc leon  r e t a i n s  a l l  i t s  en e rg y  e x ce p t  
f o r  th e  r e c o i l  en e rg y  o f  th e  t a r g e t ,  w h ile  i n  i n e l a s t i c  s c a t t e r i n g ,  some 
o f  th e  ene rgy  i s  " l o s t "  ( t r a n s f e r r e d  to  t h e  t a r g e t  n u c le u s )  in  p rom oting  
th e  t a r g e t  n u c le u s  i n t o  one o f  i t s  e x c i t e d  s t a t e s .
When a nu c leo n  undergoes e l a s t i c  s c a t t e r i n g ,  th e  i n t e r n a l  en e rg y  
o f  th e  t a r g e t  i s  unchanged b u t  th e  p r o j e c t i l e  nuc leon  i s  s c a t t e r e d  o u t
o f  th e  i n c i d e n t  beam in  a manner which depends on th e  i n t e r a c t i o n  
between th e  p r o j e c t i l e  and th e  t a r g e t .  The manner o f  t h e  i n t e r a c t i o n  
i s  r e p r e s e n t e d  m a th e m a t ic a l ly  by a  p o t e n t i a l .  Our p u rp o se  i s  to  s tu d y  
th e  e l a s t i c  s c a t t e r i n g  o f  p ro to n s  from l i g h t  n u c l e i  and hence th e  
p o t e n t i a l  i n t e r a c t i o n  between them.
The p o t e n t i a l  i s  ta k e n  to  be complex, in  an a lo g y  w i th  o p t i c s ,  
and hence th e  n u c le u s  i s  r e g a rd e d  as  a medium o f  complex r e f r a c t i v e  
in d e x .  There have been many a n a ly s e s  o f  th e  e x p e r im e n ta l  d a t a  
( d i f f e r e n t i a l  c r o s s - s e c t i o n s  and p o l a r i s a t i o n s )  o f  p ro to n s  e l a s t i c a l l y  
s c a t t e r e d  from many n u c l e i  a t  many e n e rg ie s  i n  t h i s  s o - c a l l e d  o p t i c a l  
model o f  i n t e r a c t i o n .  These a n a ly s e s  a r e  o f  two main ty p e s  : th e  
phenom enolog ica l and m ic ro sc o p ic  a p p ro a c h e s .  To some e x t e n t ,  th e  two 
ty p e s  o f  a n a ly se s  a re  complementary to  each  o t h e r  in  t h a t  th e  m ic ro s c o p ic  
a n a ly se s  can g ive  th e  o v e r a l l  form o f  th e  p o t e n t i a l  and th e  phenom eno log ica l 
a n a ly s e s  can make th e  f i n e  a d ju s tm e n t  to  f i t  th e  d a ta  as p r e c i s e l y  as  
p o s s i b l e .  This  i s ,  i n  f a c t ,  p a r t l y  fo llo w ed  i n  t h i s  t h e s i s  i n  
d e te rm in in g  th e  s p i n - o r b i t  p o t e n t i a l .
The p r e s e n t  work i s  an a t te m p t  to  o b ta in  an av e rag e  o p t i c a l  
p o t e n t i a l  p h en o m en o lo g ic a l ly  and th e n  s t a r t i n g  from th e  m ic ro sc o p ic  
form o f  th e  s p i n - o r b i t  p o t e n t i a l  i n  th e  framework o f  Kerman e t  a l^^^  a 
s ix - p a r a m e te r  model o f  th e  av e rag e  s p i n - o r b i t  p o t e n t i a l  i s  l a t e r  d e r iv e d .
The e x i s t e n c e  o f  average  p o t e n t i a l s  shows t h a t  th e  p r o to n  e l a s t i c  
s c a t t e r i n g  i s  r a t h e r  i n s e n s i t i v e  to  th e  d e t a i l s  o f  n u c l e a r  s t r u c t u r e .  
F u r th e r ,  th e  average  p o t e n t i a l  i s  ex p ec ted  to  v a ry  sm oothly  w ith  i n c i d e n t  
e n e r g i e s  and t a r g e t  mass. This av e rag e  p o t e n t i a l  has  th e  ad van tage  
t h a t  i t  f a c i l i t a t e s  th e  d e s c r i p t i o n  o f  th e  wave f u n c t io n s  i n  t h e  v i c i n i t y  
o f  th e  n u c le u s  and e n a b le s  them to  be c a l c u l a t e d  even when no e l a s t i c  
s c a t t e r i n g  d a ta  a r e  a v a i l a b l e .  This  knowledge o f  p ro to n  w av e fu n c t io n s  
i s  e s s e n t i a l  f o r  th e  a c c u r a te  c a l c u l a t i o n  o f  n u c l e a r  r e a c t i o n  c r o s s - s e c t i o n s
by th e  d i s t o r t e d  wave t h e o r i e s  such as Bom ap p ro x im atio n  (DWBA) and 
im pu lse  ap p ro x im a tio n  (DWIA) in  th e  (p ,2p) and (p ,d )  r e a c t i o n s  o r  i n  
th e  c o u p le d -c h a n n e l  a n a l y s i s .  Beside  t h a t ,  an a c c u ra te  d e te rm in a t io n  
o f  th e  s p i n - o r b i t  p o t e n t i a l  w i l l  en su re  th e  c o r r e c t  d e s c r i p t i o n  o f  
p o l a r i s e d  p r o to n s .
Beyond t h i s  u t i l i t a r i a n  a s p e c t  o f  th e  p o t e n t i a l ,  t h e r e  a r e  
r e a s o n s  t o  b e l i e v e  t h a t  u s e f u l  in fo rm a t io n  about n u c l e a r  f o r c e s  and 
n u c l e a r  s t r u c t u r e  can be o b ta in e d  from th e  s y s te m a t ic  a n a l y s i s  o f  
n u c leo n  e l a s t i c  s c a t t e r i n g ^ ^ ^ .
Also i t  i s  an i n t r i n s i c  i n t e r e s t  in  th e  phenom enolog ica l o p t i c a l  
model i t s e l f  to  d e te rm in e  th e  s y s te m a t ic  energy  and t a r g e t  mass 
dependences which a r e  r e l a t i v e l y  f r e e  from a m b ig u i t ie s  ini p a r a m e te r i z a t io n  
such as th e  volume i n t e g r a l s  o f  th e  v a r io u s  n u c l e a r  p o t e n t i a l s  and t h e i r  
ro o t-m e a n -s q u a re  r a d i i .  Hence, th e  p o t e n t i a l  o b ta in e d  on a m ic ro sc o p ic  
l e v e l ,  s t a r t i n g  from th e  n u c le o n -n u c le o n  i n t e r a c t i o n  and i n c o r p o r a t i n g  
v a r io u s  many-body e f f e c t s  cou ld  be compared w ith  th e  phenom enolog ica l 
r e s u l t s T h i s  developm ent enhances our u n d e r s ta n d in g  o f  t h e  e l a s t i c  
s c a t t e r i n g  p ro c e s s  th ro u g h  th e  o p t i c a l  model p o t e n t i a l .
We w i l l  a n a ly s e  th e  p ro to n  s c a t t e r i n g  from l i g h t  n u c l e i  i n  th e  
in t e r m e d i a t e  energy  r a n g e .  By in t e r m e d ia te  ene rgy  we mean from 50 MeV 
up to  160 MeV. The a n a ly s e s  w i l l  c o n c e n t r a t e  m ain ly  on t a r g e t .
S ince  t h i s  i s  a r e l a t i v e l y  v e ry  l i g h t  n u c le u s ,w e  e ^ g e c t  th e  f i t s  n o t  to  
be as  s a t i s f a c t o r y  as th e  h e a v i e r  t a r g e t s .
r 81For heavy n u c l e i  a t  i n t e r m e d ia te  energy  r a n g e ,  S e th  and 
(91r e c e n t l y  Nadasen e t  a l  have shown t h a t  th e  o p t i c a l  model g iv e s  a 
s a t i s f a c t o r y  d e s c r i p t i o n  o f  th e  e l a s t i c  s c a t t e r i n g  o f  n u c le o n s .  The 
model has  n o t  e n jo y ed  equa l su c c e ss  in  i t s  a p p l i c a t i o n  to  l i g h t  n u c l e i  
The la c k  o f  c o n s i s t e n c y  in  th e  o p t i c a l  p o t e n t i a l  p a ra m e te rs  f o r  b o th  l i g h t  
and heavy n u c l e i  m ight r e v e a l  th e  dependence o f  o p t i c a l  model p a ra m e te r s
on th e  n u c leo n  d i s t r i b u t i o n  i n  th e s e  n u c l e i .  However, f o r  l i g h t  n u c l e i  
th e  i n d i v id u a l  d a t a  a t  a p a r t i c u l a r  energy  and t a r g e t  cou ld  be rep roduced  
b u t  th e  r e s u l t i n g  p a ra m e te rs  o f  th e  p a r t i c u l a r  p o t e n t i a l  f l u c t u a t e s  
w i ld ly  w ith  ene rgy  and mass number.
There a r e  r e a s o n s  t o  e x p la in  t h i s  b e h a v io u r .  F i r s t ,  even a t  a 
f a i r l y  h ig h  e x c i t a t i o n  th e  l e v e l  d e n s i t y  i s  low f o r  l i g h t  n u c l e i  and 
hence th e  n u c l e a r - s t r u c t u r e  e f f e c t s  which th e  o p t i c a l  model cannot 
d e s c r ib e  a r e  n o t  s u f f i c i e n t l y  averaged  o u t .  Second, i t  may n o t  be 
a p p r o p r ia t e  to  r e p la c e  th e  n u c le u s  w ith  a p o t e n t i a l  h a v in g  a s im ple  
r a d i a l  form ( f o r  exam ple, a Woods-Saxon form which i s  o f t e n  u sed  in  
th e  case  o f  heavy n u c l e i ) . I n h e r e n t  i n  a re p la c e m e n t  o f  t h i s  k in d  i s  
th e  b a s i c  assum ption  t h a t  th e  n u c le u s  can be re g a rd e d  as  a co n t in u o u s  
d i s t r i b u t i o n  o f  n u c l e a r  m a t te r  to  th e  i n c i d e n t  p a r t i c l e .  There a r e  so 
few n u c le o n s  in  l i g h t  n u c l e i  t h a t  t h i s  app rox im ation  may n o t  be v a l i d .
However, th e  p a ra m e te rs  o b ta in e d  by f i t t i n g  t h e  i n d i v i d u a l  d a ta  
s e t  in  th e  case  o f  p + e l a s t i c  s c a t t e r i n g  a r e  th e n  b e in g  s y s te m a t i s e d .  
An average  p o t e n t i a l  i s  e x t r a c t e d  from th e  p a r t i c u l a r  p o t e n t i a l s  o b ta in e d  
f o r  each  ene rgy .
This av e ra g e  p o t e n t i a l  i s  ex p e c te d  to  work as w e ll  f o r  th e  case  
o f  ^^0 due to  th e  s i m i l a r i t y  in  s t r u c t u r e  in  te rm s o f  s p in  ze ro  and 
a lp h a  c l u s t e r  s t r u c t u r e .  Carbon-12 can be t r e a t e d  as a t h r e e  a lp h a  
and oxygen-16 as a f o u r  a lp h a  c l u s t e r  s t r u c t u r e ,  r e s p e c t i v e l y .  In 
t h i s  av e ra g e  p o t e n t i a l ,  th e  dependence on mass number comes o n ly  th ro u g h  
th e  h a l f -w a y  r a d i i .
The s e n s i t i v i t y  o f  ou r average  p o t e n t i a l  i s  t e s t e d  in  t h e  case  
o f  ( p , 2p) r e a c t i o n  to  see  how w e ll  our p o t e n t i a l  i s  a b l e  to  acc o u n t  
f o r  th e  d i s t o r t i o n  e f f e c t  in  th e  o u tg o in g  c h a n n e ls .
(81In  most o f  o u r  r e s u l t s  we compare w ith  th o s e  o b ta in e d  by S e th  
O ther  a n a ly s e s  in v o lv in g  and ^^0 a t  low er e n e r g ie s  in c lu d e  th e  works
done by Watson e t  and van Oers and C a m e r o n . These works
cover th e  energy  range  between 10-50 MeV, b u t  so f a r  t h e r e  i s  no 
a n a l y s i s  b e in g  done i n  th e  energy  range  we a r e  c o n s id e r in g  u s in g  th e  
t a r g e t  n u c le u s  as  l i g h t  as ^^C. In  a  way t h i s  i s  a gap we a r e  t r y i n g  
to  f i l l  i n .
In  most o f  t h e  phenom enolog ical a n a ly s e s  a t  e n e r g ie s  low er th a n  
50 MeV, g e n e r a l l y  th e  f o r m - f a c to r s  were found to  be in d e p e n d e n t  o f  energy  
and th e  ene rgy  dependence comes i n  th ro u g h  th e  b e h a v io u r  o f  th e  dynam ical 
p a r a m e te r s ^ ^ ^ '^ ^ '^ ^ * ^ ^ '^ ^ ^ .  Such a p a ra m e te r  ch o ice  has been shown to  
g ive  s a t i s f a c t o r y  r e s u l t s  whenever th e  energy  range  i s  r e s t r i c t e d ,  a t  
most a few te n s  o f  MeV. However, t h e r e  i s  no r e a s o n  a p r i o r i  t o  e x p e c t  
a common geom etry t o  work f o r  th e  whole energy  r e g io n  we a r e  c o n s id e r in g .
P r e c i s e  d e te rm in a t io n  o f  th e  s p i n - o r b i t  p a r t  o f  th e  p o t e n t i a l  i s  
im p o r ta n t  p a r t i c u l a r l y  i n  th e  a p p l i c a t i o n s  where th e  p ro to n s  in v o lv e d  in  
th e  r e a c t i o n  b e in g  c o n s id e re d  a r e  p o l a r i s e d .  T h is  i s  done by o b ta in in g  
th e  o v e r a l l  form o f  t h i s  p o t e n t i a l  component u s in g  t h e  im pu lse  
ap p ro x im atio n  and f i r s t - o r d e r  m u l t ip l e  s c a t t e r i n g  s e r i e s  o f  Kerman e t  al^^P 
Using t h i s  p o t e n t i a l  as  th e  s t a r t i n g  v a lu e s  th e  f i n e  a d ju s tm e n t  i s  done 
p h e n o m en o lo g ic a lly  a g a i n s t  th e  d a ta  to  o b ta in  th e  f i n a l  form o f  th e  
s p i n - o r b i t  p o t e n t i a l .
In  th e  a n a l y s i s  to  be d e s c r ib e d ,  our main problem  i s  th e  s c a r c i t y  
o f  th e  e x p e r im e n ta l  d a ta  a v a i l a b l e  such as th e  d i f f e r e n t i a l  c r o s s - s e c t i o n ,  
p o l a r i s a t i o n  and th e  t o t a l  r e a c t i o n  c r o s s - s e c t i o n  d a t a .  Even i f  t h e  
d a ta  a r e  a v a i l a b l e  th e y  do n o t  ex ten d  up to  back an g le  r e g io n .  The 
la c k  o f  p o l a r i s a t i o n  d a t a  l i m i t s  ou r  a b i l i t y  to  de te rm ine  th e  s p i n - o r b i t  
f o r c e  t o  a h ig h e r  p r e c i s i o n .  The m iss in g  t o t a l  r e a c t i o n  c r o s s - s e c t i o n  
d a ta  a re  o b ta in e d  by i n t e r p o l a t i o n  from th e  n e ig h b o u r in g  v a lu e s .
The o u t l i n e  o f  t h i s  t h e s i s  i s  as  fo l lo w s .  In C hap te r  2 a 
background id e a  o f  th e  n u c l e a r  o p t i c a l  model i s  p r e s e n te d  t o g e t h e r  w ith
t h e  l a t e s t  developm ent i n  t h i s  f i e l d .  This  w i l l  p ro v id e  th e  b a s i c  
id e a  o f  th e  s u b j e c t  o f  t h i s  t h e s i s .  C hap te r  3 i s  d evo ted  to  th e  
d e r i v a t i o n  o f  th e  m a th em a tica l  fo rm u la t io n  u sed  i n  th e  s tu d y  o f  th e  
phenom eno log ica l o p t i c a l  p o t e n t i a l  c a l c u l a t i o n  as  w e ll  as  th e  ch o ice  
o f  th e  form o f  th e  p o t e n t i a l s  u sed .  In  C hap te r  4 th e  p a r t i c u l a r  
p o t e n t i a l s  o b ta in e d  by in d e p en d en t f i t s  by v a ry in g  a l l  th e  p o t e n t i a l  
p a ra m e te rs  i s  d e s c r ib e d .  This  le a d s  t o  th e  d e r i v a t i o n  o f  th e  average  
p o t e n t i a l  in  C hap te r  5, where th e  e x te n s io n  t o  ^^0 i s  done. The 
o v e r a l l  form o f  th e  s p i n - o r b i t  p o t e n t i a l  o b ta in e d  m ic r o s c o p ic a l ly  by 
means o f  im pu lse  app ro x im atio n  i s  p r e s e n te d  in  C hap te r  6 . Then, 
s t a r t i n g  from th e  r e s u l t s  o b ta in e d  in  t h i s  c h a p te r  th e  p r e c i s e  form 
o f  th e  s ix - p a r a m e te r  average  s p in  o r b i t  p o t e n t i a l  i s  d e r iv e d  i n  C hap te r  7. 
F i n a l l y ,  th e  c o n c lu s io n s  o b ta in e d  from ou r  work a re  g iven  in  C hap te r  8 .
■ CHAPTER 2
THE NUCLEAR OPTICAL MODEL
2.1 I n t r o d u c t io n
One o f  th e  most b a s ic  i n t e r a c t i o n s  in  n u c l e a r  p h y s ic s  i s  t h a t
between a n u c le o n  and a n u c l e u s . By knowing t h i s  i n t e r a c t i o n  one can
c a l c u l a t e  th e  p h y s ic a l  q u a n t i t i e s  o f  th e  e l a s t i c  s c a t t e r i n g  such as  th e
d i f f e r e n t i a l  c r o s s - s e c t i o n s ,  p o l a r i s a t i o n s  and o th e r  q u a n t i t i e s  and a l s o
th e  d i s t o r t i o n s  o f  th e  nuc leon  waves by th e  n u c leu s  which a r e  e s s e n t i a l
f o r  th e  u n d e r s ta n d in g  o f  th e  r e a c t i o n s  t h a t  can  ta k e  p l a c e .  F urtherm ore ,
i t  i s  th e  u s u a l  s t a r t i n g  p o in t  o f  th e  more co m p lica ted  i n t e r a c t i o n s
in v o lv in g  com posite  p r o j e c t i l e s  and th e  n u c le u s .  However, th e
i n t e r a c t i o n  o f  a nu c leo n  w ith  a n u c leu s  i t s e l f  i s  a co m p lic a te d  one .
This  a r i s e s  n o t  o n ly  from th e  many-body problem  d e te rm in e d  by a l l  th e
p o s s i b l e  i n t e r a c t i o n s  between th e  nuc leons  p r e s e n t  under th e  in f lu e n c e
o f  th e  n e ig h b o u r in g  n u c leo n s  i n  th e  n u c leu s  b u t  a l s o  th e  i n d i v id u a l
s t r u c t u r e  o f  th e  n u c leu s  under c o n s id e r a t io n .
E s s e n t i a l l y  th e  n u c leo n  i n c i d e n t  on a n u c le u s  may e i t h e r  be e l a s t i c a l l y
s c a t t e r e d  o r  i t  may cause  a v a r i e t y  o f  d i f f e r e n t  r e a c t i o n s .  To acc o u n t
f o r  t h i s  phenomenon th e  many-body n a t u r e  o f  t h e  i n t e r a c t i o n  i s  r e p r e s e n te d
by a one-body p o t e n t i a l . The rep la c e m e n t  o f  t h i s  n a t u r e  was done by 
(17)Bethe^  ^ u s in g  a p u r e ly  r e a l  p o t e n t i a l .  But th e  model does n o t  g iv e  
th e  p r e d i c t e d  p h y s ic a l  q u a n t i t i e s  which a r e  i n  acc o rd  w i th  th e  
ex p e r im e n ta l  v a l u e s .  The i n a b i l i t y  o f  such a r e a l  p o t e n t i a l  to  a c c o u n t  
f o r  th e  n o n - e l a s t i c  q u a n t i t i e s  was th e n  su p ersed ed  by th e  compound 
n u c le u s  model o f  Bohr^^^^. But Bohr model was i n  t u r n  shown to  be 
in a d e q u a te  to  a cc o u n t  f o r  th e  e x p e r im e n ta l  r e s u l t s  a t  h ig h e r  e n e r g i e s .
These two r a t h e r  extrem e id e a s  were th e n  compromised by a l lo w in g  th e  
one-body p o t e n t i a l  to  be complex where an im ag inary  p a r t  was added to  a
r e a l  p a r t .  Such a complex p o t e n t i a l  i s  c a l l e d  th e  o p t i c a l  p o t e n t i a l ;
■ a re m n is c e n t  o f  th e  s c a t t e r i n g  o f  l i g h t  by  an  o p t i c a l  medium. T his
id e a  was a p p l i e d  i n  a s e m i c l a s s i c a l  way by Fem bach  e t  a l^^^^  . In
f a c t ,  th e  u se  o f  a complex p o t e n t i a l  i n  d e s c r ib i n g  th e  p ro to n  s c a t t e r i n g
was f i r s t  used by O s t ro f s k y  e t  a l^^^^  as  e a r l y  as 1936. But a  f u l l
quantum m ech an ica l  c a l c u l a t i o n  u s in g  a complex p o t e n t i a l  was l a t e r  done
(211by Le L e v ie r  and Saxon f o r  th e  s c a t t e r i n g  o f  17 MeV p ro to n s  by 
alum inium , and gave a good a c c o u n t  o f  th e  r a t h e r  im p re c is e  d a t a  a v a i l a b l e  
a t  t h a t  t im e .  T h is  i s  th e  f i r s t  tim e th e  te rm  o p t i c a l  p o t e n t i a l  was 
b e in g  u s e d .
The f in d in g  o f  B a r s c h a l l a n d  h i s  c o l l e a g u e s o n  th e  s t r o n g
s y s te m a t ic  b e h a v io u r  o f  th e  t o t a l  c r o s s - s e c t i o n  and th e  d i f f e r e n t i a l
c r o s s - s e c t i o n  o f  low -energy  n e u t ro n  s c a t t e r i n g  w ith  th e  energy  and t a r g e t
mass has  le d  F eshbach  e t  a l t o a n a ly s e  th e s e  d a ta  u s in g  th e  methods
o f  Le L e v ie r  and Saxon. They were a b le  to  rep ro d u ce  i t s  o v e r a l l
f e a t u r e s .  This  s u g g e s ts  t h a t  th e  s c a t t e r i n g  p ro c e s s  i s  d e te rm in e d  by
th e  n u c l e a r  m a t t e r  i n  bu lk  and th e  n u c leu s  as  a  b lob  o f  i t  whose
p r o p e r t i e s  a r e  d e te rm in ed  by i t s  s i z e .  The smooth v a r i a t i o n  o f  th e
p h y s ic a l  q u a n t i t i e s  i s  a t t r i b u t e d  to  th e  g r a d u a l ly  chang ing  n u c l e a r
s i z e .  The in d i v i d u a l  s t r u c t u r e  o f  th e  n u c l e i  e n t e r s  as  a  second  o rd e r
e f f e c t  and cau se s  th e  observed  f l u c t u a t i o n s  around th e  s y s te m a t ic
b e h a v io u r .  In  th e  ab ove-quo ted  works th e  d e t a i l s  o f  th e  f l u c t u a t i o n s
due to  th e  e f f e c t s  o f  th e  re so n a n c e s  were n e g l e c t e d .  But t h i s  can  be
(251ta k e n  in t o  acc o u n t by the  u se  o f  H auser and Feshbach  th e o ry ^   ^ .
However, th e  r e s u l t s  o f  experim en ts  w ith  th e  r e l a t i v e l y  poor en e rg y  
r e s o l u t i o n  w ere re p ro d u ced  by th e  o p t i c a l  model p o t e n t i a l  f o r  t h e  low- 
energy  measurements and g iv e  th e  av e rag e  o r  g ro s s  s t r u c t u r e  o f  th e  
d i f f e r e n t i a l  c r o s s - s e c t i o n s A t  h ig h e r  e n e rg ie s  th e  f i n e  s t r u c t u r e s  
o f  t h e  re so n a n c e s  a r e  smoothed o u t  and become g i a n t  re so n a n c e s  w hich can
e a s i l y  be  acco u n ted  f o r  by th e  u se  o f  th e  o p t i c a l  p o t e n t i a l .
S in ce  th e n ,  and a lm o s t  t h i r t y  y e a rs  have passed  s in c e  i t  was 
f i r s t  s u g g e s te d ,  th e  o p t i c a l  p o t e n t i a l  has developed  i n t o  a model o f  
c o n s id e r a b le  power and g e n e r a l i t y .  A wide ran g e  o f  p r e c i s e  s c a t t e r i n g  
d a ta  has  become a v a i l a b l e  and th e y  can be accoun ted  f o r  by th e  model 
to  a h ig h  d eg ree  o f  p r e c i s i o n ,  and th e  co r re sp o n d in g  w av e fu n c t io n s  a r e  
e x t e n s i v e l y  used to  e x t r a c t  in fo rm a t io n  on n u c l e a r  s t r u c t u r e  from 
measurement o f  n u c le a r  i n t e r a c t i o n  c r o s s - s e c t i o n s .  As th e  p r e c i s i o n  
o f  t h e  d a ta  in c r e a s e d  th e  model was r e f i n e d  to  acc o u n t n o t  o n ly  f o r  
th e  d i f f e r e n t i a l  and r e a c t i o n  c r o s s - s e c t i o n s  b u t  a l s o  f o r  th e  p o l a r i s a t i o n s  
to  a h igh  deg ree  o f  a c c u ra c y .
This  c h a p te r  conce rns  t h e  n u c l e a r  o p t i c a l  model f o r  n u c le o n ,  which
i s  t h e  s u b j e c t  o f  t h i s  t h e s i s .  The purpose  i s  to  su p p ly  th e  background
m a te r i a l  f o r  t h e  s u b j e c t .  D is c u s s io n  on th e  o p t i c a l  model f o r  com posite
p r o j e c t i l e s  a r e  found i n  th e  a r t i c l e s  by Hodgson^^^*^^^ and by B a r r e t t  
(29")and Jackson^   ^ . F i r s t ,  th e  co n ce p t  o f  th e  model i s  p r e s e n te d ,  fo l lo w e d  
by th e  d i s c u s s io n  on v a r io u s  app roaches  which e x i s t  i n  d e te rm in in g  th e  
o p t i c a l  p o t e n t i a l s  and th e  r e l a t i o n s  betw een them. L a t e r ,  th e  u t i l i t y  
o f  th e  p o t e n t i a l s  found i n  v a r io u s  approaches  i s  d i s c u s s e d .
2 .2  Concept and D e f i n i t i o n
The o p t i c a l  p o t e n t i a l  i s  d e f in e d  as  a  p o t e n t i a l  t h a t  r e p r e s e n t s  
th e  i n t e r a c t i o n  betw een a n u c leo n  (o r  group o f  n u c leo n s)  and a n u c l e u s .  
When such  a p o t e n t i a l  i s  i n s e r t e d  i n t o  t h e  S ch ro ed in g e r  e q u a t io n
[- + V (r)]Y Cr) = EY(r) [2 .1 )
i t  g iv e s  th e  d i f f e r e n t i a l  c r o s s - s e c t i o n  and p o l a r i s a t i o n  f o r  e l a s t i c  
s c a t t e r i n g ,  th e  r e a c t i o n  c r o s s - s e c t i o n  and some o t h e r  l e s s  im p o r ta n t
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o b s e rv a b le  q u a n t i t i e s . In  e q u a t io n  (2 .1 )  th e  o p t i c a l  p o t e n t i a l  i s
r e p r e s e n t e d  by V ( r ) ,  y i s  th e  reduced  mass, E i s  th e  t o t a l  energy  o f
th e  system  and W(r) i s  th e  t o t a l  w av efu n c t io n  o f  th e  system  d e s c r ib e d
by th e  t im e - in d e p e n d e n t  S ch ro e d in g e r  e u q a t io n  ( 2 . 1 ) .
Hence, th e  many-body n a t u r e  o f  th e  n u c le o n -n u c le u s  i n t e r a c t i o n
i s  r e p la c e d  by a one-body p o t e n t i a l ,  V ( r ) ,  between th e  n u c leo n  and th e
n u c le u s ,  which we c a l l  o p t i c a l  p o t e n t i a l .  The name has  been  borrow ed
(211from th e  te rm  i n  o p t i c s   ^  ^ f o r  th e  a n a lo g y  betw een th e  i n t e r a c t i o n  o f
a l i g h t  wave by a medium o f  complex r e f r a c t i v e  in d e x  and i n  th e  c a se  
o f  th e  n u c l e a r  i n t e r a c t i o n ,  th e  one-body p o t e n t i a l  i s  a l low ed  to  be 
complex
V (r) = U ^(r) + i  W j(r) (2 .2 )
For t h i s  r e a s o n  some a u th o rs  p r e f e r  th e  p h ra se  "complex p o t e n t i a l "  to
" o p t i c a l " .  As th e  r e s u l t  o f  th e  p o t e n t i a l  b e in g  complex th e  t im e -  
in d e p en d en t S c h ro e d in g e r  e q u a t io n  (2 .1 )  i s  no lo n g e r  h e r m i t i a n .  Hence, 
c o n s t r u c t i n g  th e  d iv e rg e n c e  o f  th e  p r o b a b i l i t y  c u r r e n t  d e n s i t y  from 
e q u a t io n s  ( 2 . 1 ) and (2 . 2 ) ,  we have
v . j . =  i W i M l T C r j P  [2.3)
Thus, i n  th e  p re s e n c e  o f  a complex p o t e n t i a l ,  th e  c u r r e n t  i s  no lo n g e r  
d i v e r g e n c e l e s s . T ha t th e  c l a s s i c a l  c o n t i n u i t y  e q u a t io n  i n  th e  c a se  o f  
a s te a d y  s t a t e  has  been  a t t a i n e d  im p l ie s  t h a t  p ro v id ed  W j(r) i s  n e g a t iv e ,  
th e  im ag in a ry  p a r t  o f  th e  complex p o t e n t i a l  has  th e  e f f e c t  o f  a b s o rb in g  
f l u x  from th e  i n c i d e n t  beam. Hence, th e  i n t e n s i t y  i n  th e  e l a s t i c  
channe l has been re d u c e d .
The e s s e n t i a l  id e a  o f  th e  o p t i c a l  model i s  t h a t  a  n u c le o n
i n c i d e n t  on a n u c le u s  may be e l a s t i c a l l y  s c a t t e r e d  o r  i t  may c au se  a
v a r i e t y  o f  d i f f e r e n t  r e a c t i o n s . I f  t h e  i n c i d e n t  p a r t i c l e  i s  r e p r e s e n t e d
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by a wave, th e n  i n  c l a s s i c a l  language  i t  may be s c a t t e r e d  o r  i t  may be  
a b so rb e d .  T h is  i s  ana logous  to  t h e  r e f r a c t i o n  and a b s o r p t io n  o f  a 
l i g h t  wave by an o p t i c a l  medium w ith  cong lex  r e f r a c t i v e  in d e x .  In  
n u c l e a r  p h y s ic s ,  th e  n u c leu s  i s  r e p r e s e n t e d  by a complex p o t e n t i a l  i n  
which th e  r e a l  p a r t  h as  th e  e f f e c t  o f  r e f r a c t i n g  th e  i n c i d e n t  n u c leo n s  
and th e  im ag in a ry  p a r t  as  a b s o rb in g  them. The a b s o r p t i o n  ta k e s  acc o u n t 
o f  a l l  i n e l a s t i c  s c a t t e r i n g  and r e a c t i o n  p ro c e s s e s  which removes th e  
f l u x  from th e  e l a s t i c  c h a n n e l .
The c o n s e r v a t io n  o f  p a r t i c l e  f l u x  l i n k s  a l l  th e  r e a c t i o n  ch an n e ls  
t o g e t h e r ,  so t h a t  any abnormal b e h a v io u r  i n  one c h a n n e l ,  a r e so n an ce  o r  
t h r e s h o l d  f o r  example, p roduces  c o r re s p o n d in g  changes i n  a l l  th e  o t h e r s .
So e l a s t i c  s c a t t e r i n g  depends e s s e n t i a l l y  on b o th  p a r t s  o f  th e  p o t e n t i a l .  
As th e  im ag ina ry  p a r t  d e te rm in e s  th e  a b s o r p t io n ,  where a l l  t h e  n o n - e l a s t i c  
p ro c e s s e s  a r e  lumped t o g e t h e r  and a r e  t r e a t e d  as a  p ro c e s s  t h a t  removes 
p a r t i c l e s  from th e  i n c i d e n t  beam, th e  r e a l  p a r t  a l s o  a f f e c t s  i t  by 
r e f r a c t i n g  p a r t i c l e s  tow ards o r  away from th e  r e g io n  o f  g r e a t e s t  
a b s o r p t i o n .
As th e  consequence o f  th e  ap p ro x im a tio n  made th e  s c a t t e r i n g  
p ro c e s s  i s  e s s e n t i a l l y  d e te rm ined  by th e  n u c l e a r  m a t te r  i n  b u lk .  The 
smooth v a r i a t i o n  o f  th e  q u a n t i t y  i s  due to  g r a d u a l ly  chang ing  n u c l e a r  
s i z e ,  a p a r t  from c e r t a i n  sm all  s t r u c t u r e  e f f e c t s .  This  i n d i v i d u a l  
s t r u c t u r e  o f  th e  n u c l e i  e n t e r s  as  a s e c o n d -o rd e r  e f f e c t  and causes  
th e  o b se rv ed  f l u c t u a t i o n s  around  th e  sy s te m a t ic  b e h a v io u r .  Hence, 
th e  te rm  " o p t i c a l "  a p p l i e s  most a c c u r a t e l y  a t  h igh  e n e rg ie s  where t h e  
r e a l  n o n - e l a s t i c  p ro c e s s e s  dom inate  th e  a b s o r p t io n ,  and t h e r e  i s  no 
need to  make an energy  a v e ra g e .  Then o n ly  i t  i s  always p o s s i b l e  to  
d e s c r ib e  e x a c t ly  th e  passage  o f  a nu c leo n  th rough  a n u c l e a r  medium i n  
terms o f  an in d e x  o f  r e f r a c t i o n ,  n ,  such t h a t
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E v id e n t ly ,  th e  d e t a i l e d  th e o ry  o f  o p t i c a l  p o t e n t i a l  i s  a  v e ry  
d i f f i c u l t  many-body prob lem , b u t  s u b s t a n t i a l  p ro g re s s  has  been made, 
f o r  i n s t a n c e  making u se  o f  th e  n u c l e a r - m a t t e r  th e o ry  due to  B r u e c k n e r . 
However, th e  fo rm al th e o ry  o f  n u c l e a r  r e a c t i o n s  dev e lo p ed  by Feshbach^^^’ 
e n ab le s  th e  c o n t r i b u t i o n s  to  th e  o p t i c a l  p o t e n t i a l  to  be i d e n t i f i e d  and 
p ro v id e s  a u s e f u l  framework f o r  a t h e o r e t i c a l  d e f i n i t i o n  o f  th e  p o t e n t i a l .  
This th e o ry  i s  c o n s id e r e d  below .
By c o n s id e r in g  o n ly  th e  i n e l a s t i c  s c a t t e r i n g  ch an n e l  as  open and 
n e g l e c t i n g  t h e  o t h e r  ch an n e ls  in v o lv in g  t r a n s f e r  r e a c t i o n  and o t h e r s , we 
w r i t e  th e  t o t a l  w a v e f u n c t i o n a s
Y (r ,S )  = I  V'nCr)*nCS) C2.5)
n
where \|)^(r) and ^.re th e  w av efu n c t io n s  f o r  th e  i n c i d e n t  p a r t i c l e
and th e  c o r re sp o n d in g  t a r g e t  s t a t e s ,  r e s p e c t i v e l y .  H ere , t h e  a n t i -  
sy m m e tr is a t io n  re q u ire m e n t  has  been  n e g l e c t e d .  Hence, s a t i s f i e s
(T (r)  + V(r) - E)ipQ(r) = 0. [2 .6 )
where v ( r )  i s  th e  o p t i c a l  p o t e n t i a l .
D e f in in g  th e  p r o j e c t i o n  o p e r a to r  P = | 4^ ) [$ Q |  which p r o j e c t s  on 
to  th e  g r o u n d - s ta te  p a r t  o f  th e  t a r g e t  w a v e fu n c t io n  and Q = 1 - P, we
h a v e (34)
[E -  T -  C*o |v |*o) -  Wq Ivq °
(2 .7 )
Comparison w ith  ( 2 .6 ) g iv e s  an e x a c t  form al e x p re s s io n  f o r  th e  o p t i c a l  
p o t e n t i a l
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F u rth e rm o re ,  th e  second te rm  can be w r i t t e n  i n  th e  form, u s in g  th e  
p r i n c i p l e  v a lu e  fo rm ula  i n  th e  l i m i t  c 0 ,
E-Q H Q ^ - inô[E -Q  H Q) (2 .9 )
Hence, th e  f i r s t  two te rm s o f  th e  o p t i c a l  p o t e n t i a l  c o n t r i b u t e  
to  th e  r e a l  p a r t  and th e  l a s t  te rm  to  th e  im ag inary  p a r t .  'Die f i r s t  
te rm  r e p r e s e n t s  d i r e c t  t r a n s i t i o n  from th e  i n c id e n t  to  o u tg o in g  c h a n n e l ,  
w h ile  th e  second te rm  in v o lv e s  th e  energy  n o n -c o n se rv in g  v i r t u a l  
t r a n s i t i o n s  to  e n e r g e t i c a l ly - u n r e a c h a b le  in t e r m e d ia te  s t a t e s  fo l lo w ed  
by a r e t u r n  to  th e  i n i t i a l  s t a t e .  But th e  t h i r d  one in v o lv e s  th e  
energy  c o n s e rv in g  a c t u a l  t r a n s i t i o n  to  e n e r g e t i c a l l y - r e a c h a b l e  s t a t e s  
which c o n s i s t s  o f  n o n - e l a s t i c  e v e n ts  t h a t  have th e  e f f e c t  o f  removing 
f l u x  from th e  e l a s t i c  c h a n n e l .  The p re se n c e  o f  th e  p ro p a g a to r  causes  
th e  second and th e  l a s t  term s to  be n o n - l o c a l .  I t  means t h a t  th e  
o p t i c a l  p o t e n t i a l  can be w r i t t e n  i n  th e  form^^^
< r " | v | r >  = V (r) + K ( r , r " )  (2 .10 )
so t h a t  th e  S c h ro e d in g e r  e q u a t io n  becomes
[E -  T - VCr)]TCr) = K ( r , r " )Y C r" )d r "  (2 .1 1 )
The fo rm al th e o ry  a l s o  shows t h a t  th e  w av efu n c t io n s  i n  a l l  t h e  
open c h a n n e ls  s a t i s f y  a s e t  o f  coup led  d i f f e r e n t i a l  e q u a t io n s ,  one f o r  
each c h a n n e l .  This s e t  i s  too  l a r g e  to  s o lv e  i n  p r a c t i c e ,  so v e ry  o f t e n  
i t  i s  s e v e r e l y  t r u n c a t e d ,  and th e  e f f e c t  o f  th e  ch a n n e ls  n o t  c o n s id e r e d  
i s  ta k e n  i n t o  a c c o u n t  by th e  complex i n t e r a c t i o n  p o t e n t i a l . The most 
extreme t r u n c a t i o n ,  t h a t  which r e t a i n s  o n ly  th e  e q u a t io n  o f  th e  w a v e - f u n c t io n  
i n  th e  shape e l a s t i c  c h a n n e l ,  g iv e s  th e  u s u a l  o p t i c a l  p o t e n t i a l .  A l e s s
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s e v e re  t r u n c a t i o n  r e t a i n s  one o r  more e q u a t io n s  f o r  w av e fu n c t io n s  i n
n o n - e l a s t i c  c h a n n e ls ;  t h i s  e n ab le s  b o th  th e  e l a s t i c  and n o n - e l a s t i c
c r o s s - s e c t i o n s  to  be c a l c u l a t e d  s im u l ta n e o u s ly  p ro v id e d  a  model i s
a v a i l a b l e  f o r  t h e  c h a n n e ls  c o n s id e re d  and f o r  th e  c o r re s p o n d in g
i n t e r a c t i o n  p o t e n t i a l s . This  approach  i s  im p o r ta n t  when th e  co u p l in g
betw een th e  e l a s t i c  and n o n - e l a s t i c  ch an n e ls  chosen  i s  s t r o n g .  The
c o u p l in g  to  t h e  i n e l a s t i c  s c a t t e r i n g  c h an n e ls  w i th  th e  e x c i t a t i o n  o f
c o l l e c t i v e  s t a t e s  has  o f t e n  been  t r e a t e d  t h i s  way, f o r  i n s t a n c e  i t
was done by Buck^^^^ and l a t e r  was ex ten d ed  by Tamura^^^^ . The
co u p l in g  to  some o f  t h e  re a r ra n g e m e n t  c o l l i s i o n  p r o c e s s e s  such  as th e  ;
p ic k -u p  channe l has  been  done by M ackintosh and Kobos^^^^ and a l s o  by 
(37')Comfort and Karp^  ^ . The c o n t r i b u t i o n s  from b o th  th e  i n e l a s t i c  
s c a t t e r i n g  and p ic k -u p  ch an n e ls  have been  c o n s id e re d  by  C o u l te r  and 
S a tc h le r^ ^ ^ ^  .
Hence, th e  o p t i c a l  p o t e n t i a l  i s  n o t  w i th o u t  l i m i t a t i o n s .  S ince  
th e  model ig n o re s  most o f  th e  d e t a i l e d  f e a t u r e s  o f  th e  n u c l e a r  s t r u c t u r e s ,  
any f e a t u r e s  t h a t  depend on th e  p r o p e r t i e s  o f  more c o m p lica ted  s t a t e s  
d i f f e r i n g  from one n u c leu s  to  th e  n e x t  canno t be acc o u n ted  f o r ,  a p a r t  
from a  few r e f in e m e n ts  t h a t  can  be made.
Another c o n d i t io n  i s  t h a t  th e  r e a c t i o n  sh o u ld  e x c i t e  many s t a t e s  
i n  th e  compound n u c le u s ,  u s u a l l y  f u l f i l l e d  by medium and heavy  n u c l e i  and 
a t  h ig h  e n e r g i e s .
Of co u rse  i t  a l s o  works w e l l  i f  t h e  e l a s t i c  ch an n e l  i s  n o t  s t r o n g l y  
coiq)led to  any o f  t h e  n o n - e l a s t i c  c h a n n e ls ,  f o r  i n  t h i s  c a se  th e  
i n t e r a c t i o n  can  s i g n i f i c a n t l y  p e r tu r b  th e  e l a s t i c  c h a n n e l .
M ain ly , t h e r e  a r e  two ways o f  d e te rm in in g  th e  o p t i c a l  p o t e n t i a l .
One i s  by phenom enolog ica l m ethods, i n  t h a t  th e  p a ra m e te rs  o f  an  assumed 
form o f  th e  p o t e n t i a l s  a r e  found by  o p t im is in g  th e  f i t  to  t h e  e x p e r im e n ta l
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d a t a .  The o t h e r  i s  by m ic ro sco p ic  m ethods, where th e  p o t e n t i a l  i s  
o b ta in e d  from more fundam ental b a s i s  and i s  d e r iv e d  from th e  known 
p r o p e r t i e s  o f  th e  n u c leu s  and th e  n u c le o n -n u c le o n  i n t e r a c t i o n .  This 
i s  i n d i c a t e d  s c h e m a t i c a l l y  below:
micro.
pReno.
N ucleon-nuc leus
E xperim en ta l
d a t an u c l e a r  s t r u c t u r e
N ucleon-nuc leon
The phenom enolog ical p o t e n t i a l  o b ta in e d  by in d u c t io n  from th e  
n u c le o n -n u c le u s  s c a t t e r i n g  and r e a c t i o n  d a t a  s u f f e r s  from a m b ig u i t ie s  
where i t  i s  found t h a t  s e v e r a l  p o t e n t i a l s  f i t  th e  same d a t a  e q u a l ly  
w e l l .  I t  i s  th o u g h t  t h a t  one o f  th e s e  i s  th e  ’p h y s i c a l ’ p o t e n t i a l .
This  p h y s ic a l  p o t e n t i a l  can be  i d e n t i f i e d  by d e d u c ^ t io n  from t h e  
knowledge o f  n u c le o n -n u c le o n  i n t e r a c t i o n  and t h e  known p r o p e r t i e s  o f  
th e  n u c l e u s .  S u b se q u e n tly ,  th e  o v e r a l l  shape o f  th e  p o t e n t i a l  o b ta in e d  
q u a l i t a t i v e l y  by t h i s  m ic ro sco p ic  method i s  th en  g iv en  f i n e r  
a d ju s tm e n ts  i n  f i t t i n g  th e  e x p e r im e n ta l  d a ta  to  o b ta in  th e  phenom eno log ica l 
p o t e n t i a l  q u a n t i t a t i v e l y .
Hence, th e  two methods a r e ,  i n  f a c t ,  complementary to  each o t h e r .
2 .3  Phenom enological o p t i c a l  p o t e n t i a l s
S ince t h i s  t h e s i s  i s  concerned  m ain ly  w ith  t h i s  a s p e c t  o f  th e  
o p t i c a l  p o t e n t i a l  d e t a i l e d  d i s c u s s io n  o f  i t  i s  g iven  a t  th e  a p p r o p r i a t e  
p la c e s  th ro u g h o u t  t h i s  work. However, we m ention  b r i e f l y ,  th e  components 
o f  t h i s  p o t e n t i a l  h e re  which a r e  g e n e r a l ly  i n  u s e .
The need to  have th e  o v e r a l l  [average )  p o t e n t i a l  has  been  a c h ie v e d  
a t  th e  expense o f  th e  q u a l i t y  o f  f i t s  to  th e  d a t a .  This d e v i a t i o n  from
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from n o r m a l i t y  can  e i t h e r  be u n d e rs to o d  p h y s i c a l l y  and be t r e a t e d  by 
i n c l u s i o n  o f  th e  p h y s ic a l  e f f e c t s ,  u s in g  coi:ç)led-channel method f o r  
i n s t a n c e ,  o r  can  s t i l l  be t r e a t e d  w i th in  th e  o p t i c a l  model fo rm a lism .
The l a t t e r  can  be done by th e  i n c l u s i o n  o f  a s e r i e s  o f  sm all  term s 
to  th e  o p t i c a l  p o t e n t i a l  which a r e  e x p r e s s ib l e  as a s im p le  a n a l y t i c a l  
f u n c t i o n  o f  mass number and en e rg y .
I t  i s  an e s t a b l i s h e d  n o t i o n  t h a t  th e  o p t i c a l  p o t e n t i a l  r e q u i r e s  
th e  s p i n - o r b i t  component i n  o r d e r  t o  rep ro d u ce  th e  p o l a r i s a t i o n  d a ta  
b e s id e s  th e  fundam enta l components o f  c e n t r a l  te rm  f o r  t h e  d i f f e r e n t i a l  
c r o s s - s e c t i o n  da ta^^^^  . This i s  d i s c u s s e d  i n  d e t a i l  i n  th e  n e x t  c h a p t e r .
Lane^^^^ has shown t h a t  th e  r e a l  p a r t  o f  t h e  p o t e n t i a l  depends on 
th e  i s o s p i n  te rm  which g iv e s  r i s e  to  th e  symmetry com ponent. The 
p o t e n t i a l  i s  o f  t h e  form
4V
VjCr) = t . T  fC r)  (2 .1 2 )
r i3 )The e x i s t e n c e  o f  t h i s  symmetry term  has  been  o b ta in e d  by  P e rey  ^ , 
Perey  e t  a l^ ^ ^ ^ ,  S inha  and E d w a r d s a n d  H odgson '^^^ . So f a r  t h e r e  
i s  no ev idence f o r  i t s  e x i s t e n c e  i n  th e  im ag in a ry  p a r t  o f  th e  p o t e n t i a l  
due to  th e  la c k  o f  knowledge o f  i t s  form f a c t o r .
A nother q u i t e  s e n s i b l e  p o s s i b i l i t y  i s  th e  dependence on th e  s p in  
o f  t h e  t a r g e t  n u c l e u s .  One o f  th e  forms o f  t h i s  s p i n - s p i n  te rm  i s
^ ^88 ^8 8 ^^) “ l ~  (2 .1 3 )
But so f a r  no ev idence  o f  i t s  p re se n c e  has  y e t  been  o b t a i n e d t h o u g h  
Nagamine e t  a l^^^^  found i t  to  be v e ry  s m a l l .
A nother p o s s i b i l i t y  i s  to  in c lu d e  s p i n - s p i n  te rm  o f  t h e  form
{3(1 . r )  ( a . r )  -  I . a }
V-p(r) = V.J. f ^ ( r )  (2 .1 4 )
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f48 49)Again i t s  v a lu e  i s  v e ry  sm a ll  o r  zero   ^  ^ .
There a re  a l s o  o t h e r  sm a ll  term s due to  th e  e l e c t ro m a g n e t i c  
e f f e c t s  due to  th e  i n t e r a c t i o n  o f  t h e  m agnetic  moment o f  t h e  in c id e n t  
p a r t i c l e  w ith  th e  e l e c t r o s t a t i c  f i e l d  o f  th e  n u c le u s ,  r e p r e s e n t e d  by
y -a fh  ^ 1
F - d p M  C2.15)
where y i s  th e  m agne tic  moment o f  th e  i n c i d e n t  n u c le o n  and  a = |  f o r  
p ro to n s  and a  = 0 f o r  n e u t r o n s .  i s  th e  e l e c t r o s t a t i c  Coulomb
p o t e n t i a l .  In  most c i rc u m s ta n c e s  t h i s  te rm  i s  in c lu d e d  i n t o  th e  
s p i n - o r b i t  te rm  o f  th e  p o t e n t i a l  due to  s i m i l a r i t y  i n  i t s  form.
O th e r  sm all  te rm  i s  due to  th e  i n t e r a c t i o n  o f  th e  induced  e l e c t r i c  
d ip o le  moment o f  th e  i n c i d e n t  n u c le o n  w i th  th e  Coulomb f i e l d  o f  t h e  
t a r g e t  n u c le u s ,  w r i t t e n  i n  t h e  form
where a i s  th e  e l e c t r i c  p o l a r i s a b i l i t y  and E i s  th e  e l e c t r i c  f i e l d .
This p o t e n t i a l  i s  s i g n i f i c a n t  o n ly  o u t s id e  th e  n u c le u s  where i t  becomes
_ aZ^e^
C2.17)
However, th e  e f f e c t  o f  t h i s  p o t e n t i a l  i s  so sm all  t h a t  th e y  can  r e a d i l y  
be ab so rb ed  i n t o  th e  r e a l  p a r t  o f  th e  p o t e n t i a l .
2.4  . M icroscop ic  o p t i c a l  p o t e n t i a l s
A m ic ro s c o p ic  c a l c u l a t i o n  o f  th e  o p t i c a l  model p o t e n t i a l  f o r  
n u c le o n  i s  o f  b o th  fundam ental and p r a c t i c a l  i n t e r e s t .  I t  p ro v id e s  
th e  t h e o r e t i c a l  u n d e r s ta n d in g  o f  th e  n u c l e a r  s t r u c t u r e  model and s e r v e s  
to  t e s t  th e  u n d e r ly in g  many-body th e o ry  and th e  n u c le o n -n u c le o n
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i n t e r a c t i o n .  I t  a l s o  h e lp s  i n  removing th e  a m b ig u i t i e s  o f  th e  
phenom enolog ica l o p t i c a l  p o t e n t i a l . M icroscop ic  c a l c u l a t i o n  i s  
n o t  th e  main conce rn  o f  t h i s  t h e s i s  b u t  i t  i s  w orth  m e n tio n in g  some 
o f  th e  methods employed and i t s  s u c c e s s .
Most o f  th e  r e a l i s t i c  c a l c u l a t i o n s  o f  th e  m ic ro sc o p ic  o p t i c a l  
model p o t e n t i a l  b a sed  on a  v a r i e t y  o f  ap p ro ac h es :  m u l t i p l e - s c a t t e r i n g .  
G reen 's  f u n c t io n  and H a r t re e -F o c k  o r  B ru eck n e r-H ar t ree -F o ck  t h e o r i e s ,  
and th e y  in v o lv e  e i t h e r  " e f f e c t i v e "  (weak) o r  " r e a l i s t i c "  ( s t ro n g )  
n u c le o n -n u c le o n  i n t e r a c t i o n s .
The use  o f  t h e  r e a l i s t i c  n u c le o n -n u c le o n  i n t e r a c t i o n  i s  u s u a l l y  
r e s t r i c t e d  to  h ig h e r  energy  r e g i o n .  I t  i s  u sed  t o g e t h e r  w i th  th e
m u l t ip l e  s c a t t e r i n g  e x p an s io n  o f  th e  o p t i c a l  p o t e n t i a l  w hich was p io n e e r e d
(S') -by  Kerman, McManus and T h a le r^   ^ where im pulse  a p p ro x im a tio n  i s  v a l i d .
This  th e o ry  was l a t e r  ex ten d ed  by  Feshbach e t  a l^^^^  to  an  energy  as
h ig h  as 1 GeV. S im i la r  work has been  u n d e r ta k e n  r e c e n t l y  by
rs i^Chaumeaux e t  a l  . A q u i t e  s i m i l a r  approach  b ased  on th e  m u l t i p l e
s c a t t e r i n g  ex p an s io n  employing a t h i r d - o r d e r  B e the -G o lds tone  r e a c t i o n
m a tr ix  to  c a l c u l a t e  th e  volume i n t e g r a l  o f  t h e  r e a l  o p t i c a l  p o t e n t i a l
i n  i n f i n i t e  n u c l e a r  m a t te r  a t  i n t e r m e d ia te  e n e rg ie s  (> 200 MeV) has
(52)been  done by Ray and Coker'-  ^ . An approach  com bining G re e n 's  f u n c t i o n  
th e o ry  w ith  th e  B ru e c k n e r 's  lo w -d e n s i ty  e x p an s io n  has  b een  s u c c e s s f u l l y  
employed by Jeukenne e t  a l^^^  and by  B riev a  and R o o k . T h e i r  works 
i n d i c a t e  t h a t  i t  i s  now p o s s i b l e  to  c a l c u l a t e  o p t i c a l  model p o t e n t i a l s  
t h a t  g ive  f i t s  to  t h e  d a t a  t h a t  a r e  com parable to  th o s e  found p h en o -  
m e n o lo g ic a l ly .
The e f f e c t i v e  n u c le o n -n u c le o n  i n t e r a c t i o n s  a r e  b e in g  u se d  f o r  
c o n s t r u c t i n g  th e  o p t i c a l  p o t e n t i a l s  a t  low er e n e r g i e s  (< 100 MeV). 
G reen lees  e t  a l^^^^  p io n e e re d  th e  " r e fo rm u la te d "  o p t i c a l  model p o t e n t i a l  
which i s ,  i n  f a c t ,  t h e  f o ld i n g  model p o t e n t i a l  f o r  t h e  r e a l  p a r t  and
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u s in g  an a d j u s t e d  e f f e c t i v e  n u c le o n -n u c le o n  i n t e r a c t i o n .  L a te r  Thomas 
e t  a l^^^^  improved upon t h i s  approach  by in c lu d in g  th e  exchange te rm .
At v e ry  low e n e r g ie s  the  o p t i c a l  model p o t e n t i a l  has  b een  c a l c u l a t e d  
u s in g  th e  s e l f - c o n s i s t e n t  H a r tre e -F o c k  ap p ro x im a tio n  which i s  th e  lower 
energy  c o u n t e r p a r t  o f  th e  n u c l e a r  m a t te r  c a l c u l a t i o n s . Works a lo n g  
th e s e  l i n e s  have been  done by  Dover and Van Giai^^^^ and Vinh Mau^^^^ 
and c o l l a b o r a t o r s .
2 .5  C onc lusions
B esides  th e  i n t e r e s t  i n  c a l c u l a t i n g  t h e  o p t i c a l  p o t e n t i a l  on 
i t s  own, to  g e t  c o n s i s t e n t  d e s c r i p t i o n  o f  s c a t t e r i n g  p ro c e s s  f o r  i n s t a n c e ,  
i t  can  a l s o  be used  to  c a l c u l a t e  th e  d i s t o r t e d  waves i n  n u c l e a r  r e a c t i o n  
c a l c u l a t i o n s .  A lso from th e  knowledge o f  n u c le o n -n u c le u s  p o t e n t i a l  
one can ex ten d  i t  to  o b ta in  th e  com posite  p r o j e c t i l e - n u c l e u s  s c a t t e r i n g ,  
f o r  i n s t a n c e  i n  d e r iv in g  th e  a lp h a -n u c le u s  o p t i c a l  p o t e n t i a l  from th e  
n u c le o n -a lp h a  i n t e r a c t i o n .
However, one can conclude  now t h a t  th e  o p t i c a l  model can a c c o u n t  
f o r  th e  s c a t t e r i n g  from a v a s t  ran g e  o f  energy  and t a r g e t  n u c le u s  
p ro v id e d  p ro p e r  acc o u n t i s  ta k e n  o f  th e  p h y s ic a l  e f f e c t s  in v o lv e d .
Hence, p h en o m en o lo g ic a l ly  much work rem ains  to  be done to  in ç ro v e  th e  
c a l c u l a t i o n  o f  sm a l l  te rm s .  M ic ro s c o p ic a l ly ,  t h e  te c h n iq u e s  f o r  
c a l c u l a t i n g  th e  p o t e n t i a l  have now been  e s t a b l i s h e d .
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CHAPTER 3
THE PHENOMENOLOGICAL OPTICAL MODEL OF ELASTIC SCATTERING
3.1 I n t r o d u c t io n
The e l a s t i c  s c a t t e r i n g  o f  a p r o j e c t i l e ,  w he ther  a n u c leo n  o r  a 
com posite  p a r t i c l e ,  on a t a r g e t  n u c le u s  can be d e s c r ib e d  by a one-body 
p o t e n t i a l  and i s  c a l l e d  th e  phenom enolog ical o p t i c a l  p o t e n t i a l .  The 
s c a t t e r i n g  o f  n u c leo n s  by n u c l e i  i s  th e  most a p p r o p r i a t e  b eca u se  i t  i s  
f o r  th e s e  i n t e r a c t i o n s  t h a t  we have th e  b e s t  grounds f o r  e x p e c t in g  th e  
model to  be v a l i d ,  and h e re  a r e  t o  be found th e  most e x t e n s iv e  e x p e r im e n ta l  
d a t a .  In  f a c t ,  t h i s  i s  th e  main aim o f  ou r  s tu d y .
The t r e a tm e n t  o f  th e  n u c le o n -n u c le u s  e l a s t i c  s c a t t e r i n g  which i s  
based  on th e  phenom enolog ica l o p t i c a l  model i s  w ell-know n. The 
i n t e r a c t i o n  i s  r e p r e s e n t e d  by a p o t e n t i a l  o f  a p p r o p r ia t e  form. P ro v id ed  
t h a t  th e  i n c i d e n t  ene rgy  i s  h ig h  enough ( a t  l e a s t  g r e a t e r  th a n  15 MeV) 
t h a t  th e  compound n u c le u s  fo rm a t io n  i s  n o t  ex p ec ted  to  p l a y  any r o l e  and 
t h a t  no p a r t i c u l a r  r e a c t i o n  p ro c e s s  dom inates  th e  i n t e r a c t i o n ,  th e  method 
o f  c a l c u l a t i n g  th e  o b s e rv a b le s  i s  a s t r a i g h t f o r w a r d  one. So, no 
p h y s ic a l  e f f e c t  has t o  be added. O th e rw ise ,  we have t o  in c lu d e  th e  
compound n u c le u s  fo rm a t io n  e f f e c t  and th e  co u p l in g  between th e  e l a s t i c  
and n o n - e l a s t i c  ch an n e ls  i n t o  a c c o u n t .  Our a n a l y s i s  o f  th e  e x p e r im e n ta l  
d a t a  w i l l  be f o r  an incoming p ro to n  o f  above 50 MeV and we assume t h a t  
a l l  th e  n o n - e l a s t i c  p r o c e s s e s  can be r e p r e s e n te d  by th e  im ag in a ry  p a r t  
o f  t h e  p o t e n t i a l  a lo n e .
T h is  c h a p te r  w i l l  m ain ly  d e s c r ib e  th e  m a th em a tica l  fo rm u la t io n  and 
method o f  c a l c u l a t i n g  th e  o b s e rv a b le s  by quantum m echan ica l a rgum ents .
T h is  w i l l  be ach iev ed  by s o lv in g  th e  S ch ro ed in g e r  e q u a t io n  which d e s c r ib e s  
th e  s c a t t e r i n g  o f  a p r o j e c t i l e  by a t a r g e t  n u c le u s  v i a  an assumed 
p o t e n t i a l .  Indeed  th e  problem  o f  f in d in g  th e  s o l u t i o n s  t o  t h i s  e q u a t io n
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w ith  th e  a p p r o p r i a t e  boundary  c o n d i t io n s  in  th e  p re s e n c e  o f  a complex 
p o t e n t i a l  i s ,  i n  g e n e r a l ,  a d i f f i c u l t  one. In  most p a r t s ,  n u m e rica l  
t e c h n iq u e s  have to  be invoked . M oreover, th e  p o t e n t i a l  c o n ta in s  
p a ra m e te rs  which have to  be v a r i e d  in  a s y s te m a t ic  way such t h a t  th e  
use  o f  a h ig h  speed  com puter i s  in d i s p e n s a b le .
In  th e  fo l lo w in g  we w i l l  t r e a t  th e  p ro to n -n u c le u s  s c a t t e r i n g  
from a l o c a l ,  complex and sp in -d e p e n d e n t  o p t i c a l  p o t e n t i a l .  Non- 
r e l a t i v i s t i c  quantum m echanics w i l l  be used  and th e  fo rm alism  w i l l  be 
in  th e  form s u i t a b l e  f o r  com putation^^* 62)^
3 .2  The P o t e n t i a l
In  o rd e r  t o  d e s c r ib e  th e  i n t e r a c t i o n  s u c c e s s f u l l y  a s u i t a b l e  
ch o ice  o f  th e  p o t e n t i a l  has  to  be made. The p o t e n t i a l  must be a b le  
t o  accoun t f o r  th e  i n t e r a c t i o n  based  on sound p h y s ic a l  ground. In  
th e  f i r s t  p l a c e ,  th e  p o t e n t i a l  i s  assumed to  be s p h e r i c a l l y  sym m etric .
For p ro to n  s c a t t e r i n g  i t  i s  n e c e s s a ry  to  in c lu d e  a Coulomb te rm  
in  th e  o p t i c a l  p o t e n t i a l  to  acco u n t f o r  th e  i n t e r a c t i o n  o f  th e  i n c i d e n t  
p ro to n  w i th  th e  ch a rg e  d i s t r i b u t i o n  due to  th e  p ro to n s  i n  th e  t a r g e t  
n u c le u s .  I t  i s  s u f f i c i e n t l y  a c c u r a te  to  ta k e  t h i s  as  th e  p o t e n t i a l  
due to  a u n ifo rm ly  charged  s p h e re ,  th e  a n a l y t i c a l  form o f  which i s  
g iven  by
4  _  rZ
V^Cr) = •
Zj  eZ
^  4  (3 .1 )
where i s  th e  r a d iu s  o f  th e  charged  sp h ere  and i s  g iven  by R^ = r ^  A^. 
Zj e and Z^ , e a r e  th e  ch a rg es  o f  th e  i n c id e n t  p ro to n  and th e  t a r g e t
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n u c le u s ,  r e s p e c t i v e l y .  The e x a c t  form o f  t h i s  p o t e n t i a l  i s  n o t  im p o r ta n t  
as  th e  i n t e r a c t i o n  i s  i n s e n s i t i v e  to  i t s  r a d i a l  fo rm ^^^^ .
As th e  n u c le o n -n u c le o n  i n t e r a c t i o n  i s  o f  s h o r t - r a n g e  and f a l l s  
o f f  r a p i d l y  a t  l a r g e  d i s t a n c e s ,  i t  i s  r e a s o n a b le  t o  e x p ec t  s i m i l a r  
b e h a v io u r  f o r  th e  case  o f  n u c le o n -n u c le u s  i n t e r a c t i o n  as  w e l l .  From 
th e  n e a r - i n c o m p r e s s i b i l i t y  o f  n u c l e a r  m a t t e r  and th e  s a t u r a t i o n  o f  n u c l e a r  
f o r c e s ,  a n u c leo n  i n s i d e  th e  n u c le u s  f e e l s  o n ly  th e  n u c le u s  i n  i t s  
im mediate v i c i n i t y .  Hence, w e l l  i n s i d e  th e  n u c le u s  a nu c leo n  i s  a c t e d  
on by th e  equa l f o r c e s  from a l l  d i r e c t i o n s  so t h a t  th e  c o r re sp o n d in g  
p o t e n t i a l  i s  u n ifo rm  n e a r  th e  c e n t r e  o f  th e  n u c le u s .  Of c o u r s e ,  i t  must 
be a t t r a c t i v e  t o  acc o u n t f o r  th e  b in d in g  o f  th e  n u c l e i  and a sm oothly  
v a ry in g  f u n c t i o n  o f  r a d i a l  d i s t a n c e .  One o f  th e  f u n c t i o n a l  forms f o r  
th e  r e a l  p a r t  o f  th e  p o t e n t i a l  which com plies  w ith  th e  above re q u ire m e n ts  
i s  th e  Saxon-Woods form^^^^
'  ( i i â )
1 + e^ a ; (3 .2 )
where R i s  th e  h a l f -w a y  r a d i u s .  S ince  th e  o v e r a l l  e x t e n t  o f  th e  p o t e n t i a l  
i s  ex p e c te d  t o  be s i m i l a r  to  th e  n u c le u s  i t s e l f ,  i t  i s  ta k e n  to  be R = r^A^ 
P aram e te r  a i s  th e  d i f f u s e n e s s  which i s  a measure o f  th e  r a p i d i t y  o f  th e  
f a l l - o f f  o f  th e  p o t e n t i a l .  T h is  form w i l l  be u sed  i n  th e  p r e s e n t  c a s e .
I t  i s  th e  same form as  th e  Fermi d i s t r i b u t i o n  f o r  n u c l e a r  ch a rg e  o r  
m a t t e r  d i s t r i b u t i o n  b u t  th e  r a d iu s  i s  ex p ec ted  to  be l a r g e r .
S ince  th e  im ag in a ry  p a r t  o f  th e  p o t e n t i a l  d e s c r ib e s  d i f f e r e n t  
p r o c e s s e s ,  i t  i s  n o t  obvious t h a t  i t  shou ld  have th e  same r a d i a l  
b e h a v io u r  as  t h e  r e a l  p a r t .  At low e n e r g ie s  th e  b lo c k in g  e f f e c t  o f  th e  
P a u l i  p r i n c i p l e  i n h i b i t s  n u c le o n -n u c le o n  c o l l i s i o n  i n  th e  i n t e r i o r  o f  
th e  n u c le u s .  So th e  form o f  t h i s  p o t e n t i a l  i s  e x p ec ted  to  be s u r f a c e -  
peaked .  But t h i s  e f f e c t  d e c re a se s  w ith  i n c r e a s in g  i n c i d e n t  e n e r g i e s
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such t h a t  th e  c o l l i s i o n s  sp re a d  th ro u g h o u t  th e  n u c l e a r  volume. The 
g e n e ra l  f u n c t i o n a l  form which combines t h i s  b eh a v io u r  i s
W(r) = (Wy - Wp 4 a f ( r )  (3 .3 )
where f ( r )  i s  d e f in e d  by ( 3 .1 ) .  F a c to r  4a i s  chosen to  make th e
maximum v a lu e  o f  th e  second f u n c t io n  u n i t y  and have th e  d im ension o f  
MeV.
To acco u n t f o r  th e  p o l a r i s a t i o n  o f  th e  s c a t t e r e d  n u c leo n s  i t  was 
found n e c e s s a r y  to  in c lu d e  a s p in -d e p e n d e n t  te rm  in  th e  o p t i c a l  p o t e n t i a l  
For th e  s c a t t e r i n g  o f  a n u c leo n  from a c l o s e d - s h e l l  n u c le u s ,  bn g e n e ra l  
in v a r i a n c e  c o n s i d e r a t i o n , i t  i s  e x p re s sed  in  te rm s o f  s p i n - o r b i t  
c o u p l in g  where and a a r e  th e  a n g u la r  momentum and th e  P a u l i  sp in
o p e r a t o r  r e s p e c t i v e l y .  As symmetry r e q u i r e s  th e  s p i n - o r b i t  f o r c e  to  
be ze ro  in  th e  n u c l e a r  i n t e r i o r  b u t  a p p re c ia b le  o n ly  i n  th e  s u r f a c e  
r e g i o n i t  i s  r a t h e r  n a t u r a l  to  adop t f o r  t h i s  p o t e n t i a l  a m a th em a tic a l  
f u n c t io n  s u g g e s te d  by th e  Thomas form as i n  th e  a tom ic  th e o ry
f h 2 1 d
VgQ(r)&-o (Vgo+iWgo)^^ 2 r  d r  f ( r ) & '0  (3 .4 )
The c o n s ta n t  in t ro d u c e d ,  to  g iv e  th e  c o r r e c t  d im en s io n s ,  i s  th em e  ¥
¥-meson reduced  Compton w ave leng th .  I t  p ro v id e s  a c o n v e n ie n t ,  i f  
a r b i t r a r y ,  u n i t  o f  l e n g th ,  and i t s  v a lu e  i s  about Æ  fm. The o p e r a t o r  
a i s  d e f in e d  by a = 2 s ,  where s i s  th e  s p i n - o p e r a t o r  f o r  th e  n u c le o n .
The im ag in a ry  p a r t  means t h a t  th e  a b s o r b t io n  fa v o u rs  o n e - s p in  d i r e c t i o n  
th a n  th e  o t h e r .
The f o r m - f a c to r s  g iven  above a r e  t h e  ones most commonly u sed  and 
known to  work q u i t e  w e l l .  The re q u ire m e n t  f o r  th e  shapes  o th e r  th a n  
th e  p r e s e n t  ones rem ains  to  be seen  and i n v e s t i g a t e d .  The e x h a u s t iv e  
compendium o f  th e  d i f f e r e n t  shapes  o f  th e  f o r m - f a c to r  i s  g iven  in  th e  
append ix  o f  Hodgson’s book^^^^. C le a r ly ,  th e  o p t i c a l  p o t e n t i a l  we a r e
24
c o n s id e r in g  i s  a l o c a l  one. But, ev idence  from th e  many-body th e o ry  o f  
th e  o p t i c a l  p o t e n t i a l  shows t h a t  i t  i s  n o n - l o c a l . The n o n - lo c a l  
p o t e n t i a l  can be shown to  be m a th e m a t ic a l ly  e q u iv a le n t  t o  a momentum 
d e p e n d e n c e H e n c e ,  th e  r e s u l t i n g  lo c a l  p o t e n t i a l  w i l l  e x h i b i t  an 
energy  dependent c h a r a c t e r .  In  t h i s  r e s p e c t ,  L ip p e rh e id e  e t  a l^^^^  
d em o n s tra ted  t h a t  th e  energy  dependence, i n  g e n e r a l ,  a r i s e s  i n  two ways: 
p a r t l y  because  th e  e f f e c t i v e  i n t e r a c t i o n  i s  n o n - lo c a l  and p a r t l y  because  
o f  an i n t r i n s i c  energy  dependence.
The f i n a l  p o t e n t i a l  f o r  p ro to n  has  th e  form
V (r) = V ^(r) - f% (r) - i[Wy g ^ ( r )  + g ^ W ]
(3 .5 )
where.
fR (r ) {1 + exp 
{1 + exp
t -Rr^
R
r-R .
g n ( r )  =
4 exp
r-R .
I ^I
{1 + exp
t -Rt'i -2
£ s ( r ) = {1 + exp
r-R s i  .1
and V ^(r) i s  th e  Coulomb p o t e n t i a l  as d e f in e d  by e q u a t io n  ( 3 .1 ) .
As a r e s u l t ,  we have seven geom etr ic  p a r a m e te r s :  t h e  h a l f -w a y
r a d i i ,  th e  d i f f u s e n e s s  p a ra m e te rs  and th e  Coulomb r a d i u s ,  as  w e l l  as  
f i v e  dynamic p a r a m e te r s :  th e  p o t e n t i a l  d e p th s .  In  p r a c t i c e  u s u a l l y
o n ly  one o f  th e  forms i s  u sed ,  e i t h e r  volume o r  s u r f a c e  form, f o r  t h e
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im ag in a ry  c e n t r a l  p o t e n t i a l .  Then, th e  number o f  p a ra m e te rs  i s  reduced  
to  e le v e n .  However, s e v e r a l  o f  t h e  p a ra m e te rs  a re  r e l a t e d  to  each  o th e r  
somehow. In  f a c t ,  t h i s  i s  th e  main concern  o f  t h i s  work: t o  f i n d  th e
optimum s u i t a b l e  p a ra m e te rs  o f  t h i s  p o t e n t i a l  in  o rd e r  to  o b ta in  th e  b e s t  
r e p r o d u c t io n  o f  th e  e x p e r im e n ta l  q u a n t i t i e s  such as d i f f e r e n t i a l  c r o s s -  
s e c t i o n s ,  p o l a r i s a t i o n s  and t o t a l  a b s o r b t io n  c r o s s - s e c t i o n .
3 .3  F o rm u la tio n
The s c a t t e r i n g  o f  a p ro to n  (a charged  s p in  - 2 p a r t i c l e )  by a 
c l o s e d - s h e l l  n u c le u s  ( s p in  - 0 t a r g e t )  can be d e s c r ib e d  quantum m e c h a n ic a l ly  
by th e  S c h ro e d in g e r  e q u a t io n
[ -§ ^  V2 + V ( r ) ] T ( r ,q )  = E ¥ ( r ,g )  (3 .6 )
where
m^  nVp
y =
(3 .7 )
i s  th e  red u ced  mass o f  th e  system , m  ^ and iiLj, b e in g  r e s p e c t i v e l y  th e  m asses 
o f  th e  i n c i d e n t  and th e  t a r g e t  p a r t i c l e s  in  a .m .u .
nu
E = m^+m^ Lab (3 .8 )
i s  th e  energy  i n  th e  c e n t r e -o f -m a s s  system , E^^^ b e in g  th e  L a b o ra to ry  
e n e rg y  o f  th e  i n c i d e n t  p a r t i c l e  i n  MeV. V(r) i s  th e  o p t i c a l  p o t e n t i a l  
o f  e q u a t io n  (3 .5 )  which d e f in e s  th e  i n t e r a c t i o n .  The c e n t r e - o f - m a s s  
sy stem  i s  used  th ro u g h o u t .
The t a s k  i s  t o  f i n d  th e  s o l u t i o n  to  th e  S c h ro e d in g e r  e q u a t io n  (3 .6 )  
The t o t a l  w av e fu n c t io n  c o n s i s t s  o f  t h e  i n c i d e n t  and th e  s c a t t e r e d  waves
n r , a )  =
2 6
Tinc(^>Ç[) i s  o b ta in e d  when th e  n u c l e a r  f o r c e  i s  a b s e n t  and co rre sp o n d s  
to  th e  s c a t t e r i n g  o f  two p o i n t  ch a rg es  due to  Coulomb p o t e n t i a l .  We ta k e
( 3 . 1 0 )
where T ^(r)  i s  th e  Coulomb f u n c t io n  and s o l u t i o n  to  th e  S c h ro e d in g e r
e q u a t io n
and
+ 1  - 4
C  ^ + a 12 "2XincC*) = X 2 _ i X  ^ (3 .12 )
i s  th e  i n c i d e n t  s p in  f u n c t i o n .  %  ^ and x  ^ a r e  t h e  n o rm a l is e d  s p in  
e ig e n f u n c t io n s  o f  s^ and s^ ,  and a^ and a  ^ a r e  th e  c o r re s p o n d in g
a m p l i tu d e s .  We assume t h a t  t h e  i n c i d e n t  wave comes from th e  n e g a t iv e  
Z - d i r e c t i o n .
I t  i s  w e ll  known th a t^ ^ ^ ^  by s e p a r a t in g  e q u a t io n  (3 .11 )  i n  th e  
p a r a b o l i c  c o o r d in a te s  we have th e  s o l u t i o n
Y^(r) = e'&^Y rC l+ iy )  e^^Z F ( - i y ; l ; i k ( r - Z ) )  (3 .1 3 )
where F ( - i y ; i y ; i k ( r - Z ) ) i s  t h e  c o n f lu e n t  H ypergeom etric  f u n c t i o n  and
Y =
y Zj Zrp e^
h%k (3 .1 4 )
i s  th e  Coulomb p a ra m e te r  such t h a t
(3 .1 5 )
i s  th e  wave number.
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The a sy m p to t ic  form o f  th e  w av e fu n c t io n ,  e q u a t io n  (3 .13 )  i s  
i [k Z -y L n k ( r -Z ) ]T ^ (r )    ^ e
r  00
1 - i k ( r - Z )
+ 1  f ^ ( 8 ) eiCkr-Y&nZkr) ( 3 . 1 4 )
where
£ (6) = - ^  Cos e c2 i  S inie+ZiOg
c 2k (3 .15)
i s  th e  R u th e r fo rd  s c a t t e r i n g  am p li tu d e  and th e  Coulomb phase  s h i f t  i s  
g iven  by
= a rg  r ( £  + 1 + iy )  (3 ,16 )
I t  i s  im p o r ta n t  to  n o te  t h a t  Y^(r) is^^^^
00  ^ i(j
Ï  W  = Ï  [4ti(2£+1)]2 i 4  ^ F (Y,kr)  Y°(e,4.) (3 .1 7 )
■ £=0 4 —------ ^k r
where F ^ (y ,k r )  i s  th e  R egu lar  Coulomb f u n c t i o n .  Hence, we w r i t e  
e q u a t io n  (3 .10 )  i n  th e  p a r t i a l  wave expansion
' i ' . ^ . ( r , a )  = I [4¥(2£+1)]2 i *  e * F (y ,k r )  Y®( 6 , cf)) [a^x'^^+a ix "= ]
^  “ p=n _ _  2 ” 2Ic-r
(3 .1 8 )
S ince  th e  s p in - a n g le  p a r t s ,  Y^(0,(j))Xand Y^(0,( |))x"^, a r e  th e  
s im u l ta n e o u s  e ig e n f u n c t io n s  o f  th e  o p e r a to r s  £^, and b u t  n o t
o f  th e  o p e r a t o r  which ap p ea rs  i n  th e  s p i n - o r b i t  p o t e n t i a l ,  we want 
to  in t r o d u c e  th e  s p in - a n g le  f u n c t io n s  which a r e  s im u l ta n e o u s  e i g e n f u n c t i o n s  
o f  s^ ,  j ^  and j ^ ,  and th u s  where j i s  th e  t o t a l  a n g u la r  momentum
j = £ + s (3 .1 9 )
and
£ '0  = - £^ - s^  (3 .2 0 )
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The new s p in - a n g le  f u n c t io n  i s  expanded in  te rm s o f  th e  o ld  one
y±i I ,  C ^ ^ ,iv | j± j)Y  (0 ,4 )Xv 2 (3 .21 )
where
A+ X
Y ;(G ,*) = ( - 1 ) ^¥+1 
4¥ ■
' (^~ X )
(£+ X )
(Cos e) e imcj)
(3 .22)
i s  th e  n o rm a l is e d  s p h e r i c a l  harm onics and p |  ‘ (Cos 6) i s  th e  a s s o c i a t e d
r 71 )Legendre p o ly n o m ia l .  (£Xsv|jm) i s  th e  Clebsch-G ordon c o e f f i c i e n t  
f o r  th e  e x p an s io n .
Using e q u a t io n  (3 .21 )  t h e  i n c i d e n t  wave (3 .18 )  can be w r i t t e n  as
ij j^ C r .o )  = (4tt)^ Ï  e % (Y ,k T )/£ ÏT  ( 8 , 4 , 0 )
£=0 k r
+ (4m) 2 I  i *  e * F p ( Y ,k r ) Æ  { - a i Y f . i  , 1 ( 8 , 4 , o) 
£=0 £k r
£ - | , £ , 2
(3 .23 )
S i m i l a r l y ,  th e  t o t a l  w avefunc t ion  (3 .9 )  can a l s o  be w r i t t e n  as
10 ,
'F(r) = (4¥) I e ^ Æ T  (k r)  { a ^ ^   ^ ; ( 8 , * , c )
£=0 _ £k r
2 £+2)^*2
ia ,
+ (4¥)2 I i^ e ^/£ 4^(kr){-ai})z   ^  ^ i ( 6 , * ,o )  
A=0 * "_£k r
2 ,^ ,2
+ a _ i l j l ! : . £ . i ( 8 , 4 , o ) } (3 .2 4 )
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When e q u a t io n  (3 .24 )  i s  i n s e r t e d  i n t o  th e  S c h ro e d in g e r  e q u a t io n
(3 .6 )  i t  s e p a r a t e s  f o r  each £ v a lu e  i n t o  a p a i r  o f  e q u a t io n s  f o r  th e  
c o r re s p o n d in g  r a d i a l  w av efu n c t io n s
d^ 2
dr2  4 ^ (k r )  +{ [E -V ^(r)+U f(r)+ i(W ^ g^(r)+W^^ gQ(r) +
- - tV 'o C r ) ]  -  * + (k r)  = 0 (3 .25 )
^  4 ^ (k r )  + [E -V ^(r)+U f(r)+ i(W y g p ( r )  +
+ (£+1) V gp(r)]  -  ^ ' ( k r )  = 0 (3 .26 )
where 4 ^ (k r )  and 4 ^ (k r )  a r e  th e  r a d i a l  w av efu n c t io n s  f o r  t h e  two s p in  
o r i e n t a t i o n s ,  s p in  up (j = & + 2 ) and s p in  down (j = £ - i ) . Use has
been made o f  th e  e ig e n v a lu e s  o f  which a r e  £ and -(£+ 1) r e s p e c t i v e l y .
The r a d i a l  w a v e fu n c t io n s ,  i|;^(kr) and 4 ^ (k r )  must s a t i s f y  th e  
fo l lo w in g  boundary  c o n d i t io n s :
( i )  I t  must v a n ish  a t  th e  o r i g i n ,  i . e .  ^ " (0 )  = 0.
( i i )  The a s y m p to t ic  form o f  t h e  s o l u t i o n  sh o u ld ,  i n  p r i n c i p l e ,
c o n s i s t  o f  a p la n e  wave p lu s  an o u tg o in g  wave.
In p r a c t i c e ,  beyond th e  n u c l e a r  f i e l d  t h e  r a d i a l  w av e fu n c t io n  
te n d s  a s y m p t o t i c a l ly  to  th e  form
4%(kr) = F ^ (k r)  + i  Gj,(kr) + n J [F ^ (k r )  -  i  G ^(k r)]  (3 .27 )
w here, ^
+ 2 i 6 -
= e (3 .2 8 )
i s  th e  r e f l e c t i o n  c o e f f i c i e n t  o f  t h e  s c a t t e r e d  wave and 6^ i s  th e  complex
phase  s h i f t .  F ^ (k r)  and G^(kr) a r e  th e  r e g u l a r  and th e  i r r e g u l a r  Coulomb
f u n c t i o n s .  They have th e  a sy m p to t ic  forms
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F (k r)  ------------5- S in ( k r  - y£n 2kr -  ~ + a . )  (3 .29
k r  + « ^
G, (k r)  -------------- Cos (k r  -  yün 2kr -  ~ + a J  (3 .30)
k r  ^  »
F i n a l l y ,  s u b s t i t u t i n g  (3 .27 )  i n t o  (3 .24 ) and u s in g  (3 .14 )  and 
( 3 .2 1 ) ,  we have
^ ^ i C k r - y t o  2kr) a ( 6) [ a ,X
r  2 2
+ i  BC6) [ a .  -  a,  x""]>  (3 .31 )
where th e  non s p i n - f l i p  and s p i n - f l i p  s c a t t e r i n g  a m p li tu d e s  a re  
r e s p e c t i v e l y
1 ® + 2 io
A(6) = £^(6) + ^  I  { (£ + l )n ^  - £ ti ' - (2 £ + l ) } e  P^(Cos 9)
£=0
(3 .3 2 )
^ 2 ia ,
[Pt - nj} e
£=0
B(8) = ^  I  {p% - p   4 l ( C o s  8) (3 .33 )
The second te rm  in  e q u a t io n  (3 .31 )  i s  th e  s c a t t e r e d  wave and 
can be w r i t t e n  as
 ^ g i ( k r - y £ n  2kr) + B(8) o -n ]  X i„^ (a )  (3 .34 )
r  00
where
n S in  8 = k .^ ^  X k^^^ (3 .35 )
k. and k a re  th e  momenta o f  th e  i n c i d e n t  and th e  s c a t t e r e d  waves - m e  - o u t
r e s p e c t i v e l y .  W rit in g
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fC0) = A(6) + B(0) a -n  (3 .3 6 )
th e  d i f f e r e n t i a l  c r o s s - s e c t i o n  i s  d e f in e d  as
£Ce) x (c )  > (3 .37 )
and th e  p o l a r i s a t i o n  v e c t o r  i s  d e f in e d  as
? ( 0 )  = < [£ (8 )X ^2)]+  0 f (0 )  x > 4  (3 .38 )
R e )
Thus, become
I l  (6) = |A(e) |Z + |B (6) |2  + [A*(8) B(e) + A(e) B(6)*]
(3 .3 9 )
and
? (0 )  = ( | A ( 0 ) P  - |B (0 ) |Z )  +[A*(0)B(0)+A(0)B*(0) + 2 |B (0 )  P PQ -n]n
+ i[A *(0 )B (0 )  - A(0)B*(0)]nxPQ
0 (0 )
where th e  i n c i d e n t  p o l a r i s a t i o n  v e c t o r ,  i s  d e f in e d  as
(3 .4 0 )
(3 .41 )
The above i s  c o r r e c t  f o r  a pure  s t a t e .  For a mixed s t a t e  w ith  ze ro
0p o l a r i s a t i o n  f o r  th e  in c id e n t  beam w ith  P„ = 0 .  The s c a t t e r e d  beam has
and
| | ( 6 )  = |A (8 ) |2  + |B ( 8 ) |2  (3 .42 )
? (8 )  = P (8 )n  = rA*(6)B(8) + A (6)B *(8)]n
|A (8 ) |2  + |B (8 ) |Z  (3 .4 3 )
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When th e  p o t e n t i a l  i s  complex, t h e  c u r r e n t ,  Q.,, i s  no lo n g e r
(4) ^d iv e r g e n c e l e s s ,  s in c e ^  \
V-j.= | w ( r ) | T ( r , a } | (3.44)
The im ag in a ry  p a r t  o f  th e  o p t i c a l  p o t e n t i a l ,  W, a c t s  as a so u rc e  
o r  s in k  o f  th e  p a r t i c l e s  depending  on i t s  s ig n .  I f  W < 0 , p a r t i c l e s  a r e  
ab so rb ed  o r  removed from th e  i n c i d e n t  beam a t  a r a t e  p r o p o r t i o n a l  to  th e  
l o c a l  p r o b a b i l i t y  d e n s i t y .  By th e  u se  o f  th e  c o n t i n u i t y  e q u a t io n
a t T ( r , a )  I 2 + V ' i  = 0 (3 .4 5 )
r a t e
th e  amount o f  p a r t i c l e s  abso rbed  by th e  n u c le u s  i s  a t  a
Nabs ~ | T ( r , a )  I 2 dV V -1  dV
V V
^ " d s (3.46)
The t o t a l  a b s o r b t io n  c r o s s - s e c t i o n  i s  o b ta in e d  as  fo l lo w s
Nabs
A N.in c
a .  =
(3 .47)
where i s  th e  abso rbed  f l u x  which i s  g iven  by (3 .46 )  and i s  t h e
i n c i d e n t  f l u x  which has been assumed to  be u n i t y .  So, from (3 .4 6 )  and 
(3 .47 )  we g e t
o ,  = -A 2 iy^ ' [f'’'(r ,a)|^Y (r,a)-4’(r,a)|^'f'*'(r,o)]rZ Sin6ded4dr (3.48)
where th e  i n t e g r a l  i s  ta k e n  o v er  th e  s u r f a c e  o f  a sp h e re  o u t s id e  th e  
n u c le u s ,  say  r ^ .  C arry in g  o u t th e  s u r f a c e  i n t e g r a t i o n
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G. = 4¥ l  ( £ + l ){ r2  
^  £=0
-  R
l 2iyJ
+ +*
a + ^ £  atkF  (k r)  âF^)^(kr) - ^pCkr) —  (k r ) ]} ^ ^ ^ ^
- i  - t & l
$1* 3 >l'ô *ô 3 $ ;*
[—  (k r )^  R^Ckr) - ^  » r ) —  ^  (kr)]}^^^^
(3 .49 )
S u b s t i t u t i n g  th e  a sy m p to t ic  f o r  i|;” ( k r ) ,  e q u a t io n  ( 3 .2 7 ) ,  i n  (3 .49 ) 
and making u se  o f  th e  Wronskian r e l a t i o n
G ^(kr) F^^kr) - F^^kr) G^(kr) = 1 (3 .50 )
we f i n a l l y  have
4 - ,
O .  = —  I  ((&+!) ( 1  - I n .  1 2 ) + & ( i  - I n : 12 )} (3 .51 )
* kZ £=0
In p r a c t i c e ,  p a r t i a l  waves w i th  £ g r e a t e r  th a n  some v a lu e ,  £^^^, 
do n o t  c o n t r i b u t e  s i g n i f i c a n t l y  to  th e s e  summations; so th e y  may be 
n e g le c te d .
The e x i s t e n c e  o f  £ can be shown by means o f  th e  s e m i - c l a s s i c a lmax
ap p ro x im a tio n .  I f  rp^  i s  th e  ran g e  o f  th e  p o t e n t i a l ,  t h e  a n g u la r  momentum 
o f  th e  p r o j e c t i l e  i s  pb ; where p and b a r e  th e  momentum and th e  im pact 
p a ra m e te r .  The s c a t t e r i n g  w i l l  o ccu r  o n ly  i f  b < . Doing th e
t r a n s f o r m a t io n s
pb —  ^ h [ £ ( £ + l ) ] z  and p —  ^ Ilk
we have
Thus,
^max “ ""1£____ = ktm- 2 (3 .5 3 )
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However, Buck e t  found t h a t  i t  i s  s u f f i c i e n t l y  a c c u r a te
to  use  th e  e m p i r ic a l  r e l a t i o n ,
= *R + 7%R (3.54)
and th e  maximum p a r t i a l  wave c o n t r i b u t e s  t o  th e  s c a t t e r i n g  p ro c e s s  
i s  de te rm in ed  by p e r fo rm in g  th e  i n t e g r a t i o n  w ith  i n c r e a s in g  £ -v a lu e s  
u n t i l
|Re - l |  3 E (3 .55)
where e i s  a sm all  number ( u s u a l l y  i t  i s  chosen to  be 1 0 ~ ^ ) . The v a lu e
o f  £ i s  th e  one which s a t i s f i e s  th e  c o n d i t io n  (3 .5 5 ) .  P h y s i c a l ly  i t  max
has  th e  same meaning as  (3 .5 2 ) :  above c e r t a i n  v a lu e  o f  £ p a r t i a l  waves
a re  n o t  a f f e c t e d  by th e  p o t e n t i a l .
3 .4  Method o f  S o lu t io n
The e s s e n t i a l ,  b u t  tim e-consum ing , p a r t  o f  th e  com pu ta tion  i s  
th e  n u m e rica l  i n t e g r a t i o n  o f  th e  r a d i a l  wave e q u a t io n s  (3 .25) and (3 .26 )  
from th e  o r i g i n  o u t  t o  a d i s t a n c e  where th e  n u c l e a r  f i e l d  i s  n e g l i g i b l e .  
The w a v e fu n c t io n  o b ta in e d  by t h i s  i n t e g r a t i o n  o f  th e  i n t e r n a l  e q u a t io n  
must j o i n  sm oothly  t o  th e  e x t e r n a l  s o l u t i o n  g iven  by e q u a t io n  ( 3 .2 7 ) .
Tlie n u m e ric a l  i n t e g r a t i o n  o f  th e  r a d i a l  wave e q u a t io n s  (3 .25 )  
and (3 .26 )  was perfo rm ed  u s in g  th e  Fox-Goodwin method which i s  d e s c r ib e d  
i n  Appendix A1.
At th e  m atch ing  r a d i u s ,  r ^ ,  where th e  n u c l e a r  p o t e n t i a l  i s  
n e g l i g i b l y  sm all  and can be de te rm in ed  by th e  use  o f  th e  e m p i r ic a l  
r e l a t i o n  ( 3 .5 4 ) ,  th e  i n t e r n a l  s o l u t i o n  i s  matched to  th e  e x t e r n a l  
( a sy m p to t ic )  one by means o f  th e  lo g a r i th m ic  d e r i v a t i v e .  Thus, i f
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■4*
f " (k r^ p  a re  th e  lo g a r i th m ic  d e r i v a t i v e s  o f  th e  i n t e r n a l  w avefunc t ions
+ G ' ( k r „ ) . n ^ [ F ' ( k r „ ) - i  G '( k r „ ) ]
F ^(kr„).i  G ^(kr„).n;[F ,Ckr„)-i G^(kr„)] (3 .56)
• i  iThen, from e q u a t io n  (3 .56) and hence 5. can be d e te rm in e d .  In
f a c t ,  t h e  whole pu rp o se  o f  th e  c a l c u l a t i o n  i s  o f  co u rse  t o  o b ta in  th e
ir e f l e c t i o n  c o e f f i c i e n t ,  from which a l l  o f  th e  o b s e rv a b le s  a r e  
d e te rm in e d .  For a complex p o t e n t i a l  we w i l l  have complex phase  s h i f t s .
The r a d i a l  Coulomb f u n c t i o n s ,  F ^(k r)  and G ^ (k r ) ,  as have been u sed  
in  (3 .56 )  a re  o b ta in e d  by s o lv in g  e q u a t io n s  (3 .25) and (3 .26 )  i n  th e  
e x t e r n a l  r e g io n  where th e  n u c l e a r  f i e l d ,  b e in g  a s h o r t - r a n g e  f o r c e ,  i s  
a b s e n t .  Coulomb p o t e n t i a l  i s  a lo n g -ra n g e  f o r c e ,  f a l l s - o f f  so s lo w ly  
w ith  d i s t a n c e  t h a t  th e  i n c i d e n t  and s c a t t e r e d  waves a r e  d i s t o r t e d  by i t  
even a t  v e ry  l a r g e  d i s t a n c e s .  In  t h i s  e x t e r n a l  r e g io n  th e  r a d i a l  wave 
e q u a t io n s  (3 .25 )  and (3 .2 6 )  reduce  t o
—  4 , ( k r )  + [E-V ( r ) ]  - M Ü Ü }  ^ (k r)  = 0  (3 .57)
drZ RZ rZ k
which i s  s a t i s f i e d  by th e  r e g u l a r  and th e  i r r e g u l a r  Coulomb f u n c t i o n s .
A method o f  s o lv in g  t h e  above e q u a t io n  i s  d e s c r ib e d  i n  Appendix A2.
3 .5  Comparison w ith  E xperim en ta l Data
The d i f f e r e n t i a l  c r o s s - s e c t i o n s ,  p o l a r i s a t i o n s  and t o t a l  r e a c t i o n  
c r o s s - s e c t i o n  can be c a l c u l a t e d  u s in g  th e  method o f  p re c e d in g  s e c t i o n s .  
In  o r d e r  to  compare th e s e  c a l c u l a t e d  q u a n t i t i e s  w ith  th e  e x p e r im e n ta l  
d a t a ,  we have to  v a ry  th e  p a ra m e te rs  o f  th e  o p t i c a l  p o t e n t i a l .  The 
g o o d n e s s - o f - f i t  t o  th e  ex p e r im e n ta l  d a ta  w ith  v a r io u s  s e t s  o f  th e
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o p t i c a l  p o t e n t i a l  p a ra m e te rs  may be judged  by c a l c u l a t i n g  th e  q u a n t i t y  
" N ^
a (e^ )  -  R ( e ^ )
(3 .58)
where N i s  th e  number o f  d a ta  p o i n t s ,  o (8^) and a^ (6^) a r e  th e  c a l c u l a t e d  
and th e  e x p e r im e n ta l  d i f f e r e n t i a l  c r o s s - s e c t i o n s  r e s p e c t i v e l y ,  a t  th e  
an g le  6 . Aa^(6^) i s  th e  u n c e r t a i n t y  a s s o c i a t e d  w ith  th e  e x p e r im e n ta l
v a lu e .  The b e s t - f i t  p a ra m e te rs  a r e  o b ta in e d  by m in im ising  The
method o f  which i s  d e s c r ib e d  in  Appendix A3.
S im i la r  q u a n t i t i e s ,  Xp and x^ , a r e  used  to  compare f i t s  t o  th e  
p o l a r i s a t i o n  and r e a c t i o n  c r o s s - s e c t i o n  d a t a .  I f  th e s e  a d d i t i o n a l  d a ta  
a r e  a v a i l a b l e ,  t h e  q u a n t i t y  to  be m inim ised  i s
X% = X= + X  ^ + X= ( 3 , 5 9 )
These q u a n t i t i e s  a r e  th e  m easure o f  th e  d is c re p a n c y  between th e  
t h e o r e t i c a l  v a lu e s  found from th e  assumed p o t e n t i a l  and th e  e x p e r im e n ta l  
d a t a .
Note t h a t  th e  a sy m p to t ic  r a d i a l  w av efu n c t io n  (3 .26 )  a r e  n o t  
n o rm a l is e d .  But th e  r a d i a l  w av efu n c t io n  as  o b ta in e d  from n u m e rica l  
i n t e g r a t i o n  o f  th e  r a d i a l  wave e q u a t io n s  (3 .25) and (3 .26 ) c o n ta in s  an 
a r b i t r a r y  n o r m a l i s a t i o n  f a c t o r .  T h is  f a c t o r ,  however, does n o t  a f f e c t  
th e  c r o s s - s e c t i o n s  and th e  p o l a r i s a t i o n s ,  s in c e  th e s e  q u a n t i t i e s  a r e  
o b ta in e d  from th e  phase  s h i f t s  which in  t u r n  a r e  o b ta in e d  from th e  r a t i o s  
o f  th e  lo g a r i th m ic  d e r i v a t i v e s  w here in  th e  n o r m a l i s a t i o n  f a c t o r  c a n c e ls  
o u t .
In  th e  above c o n s id e r a t io n  we have used  th e  S ch ro ed in g e r  e q u a t io n  
w ith o u t  th e  k in e m a tic  c o r r e c t io n s  due to  th e  r e l a t i v i s t i c  e f f e c t .
rs)S im i la r  c a l c u l a t i o n s  have been done by Seth  co v e r in g  an energy  r e g io n  
o f  30-180 MeV u s in g  t a r g e t  n u c l e i  h e a v i e r  th a n  ^°Ca. Van Oers e t  a l^^^^
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i n v e s t i g a t e d  th e  r e a l  p a r t  o f  th e  p o t e n t i a l  f o r  p ro to n  s c a t t e r i n g  from
^2c and h e a v ie r  in  th e  energy  range  0-1 GeV. C a lc u la t io n s  w ith
r e l a t i v i s t i c  c o r r e c t i o n s  a t  180 MeV p ro to n  on has r e c e n t l y  been
f741done by Ingem arsson e t  a l ^  . The r e l a t i v i s t i c  c o r r e c t i o n  f a c t o r s  i n
(9)th e  energy  range  80-180 MeV p ro to n  were found by Nadasen e t  a l  t o  
be s l i g h t l y  l a r g e r  th a n  u n i t y ,  hence i t  i s  n o t  s i g n i f i c a n t .  However, 
th e y  have a n a ly se d  th e  p ro to n  s c a t t e r i n g  on th e  t a r g e t  h e a v i e r  th a n  ^°Ca 
and made com parison w ith  th e  n u c l e a r  m a t te r  c a l c u l a t i o n s .
- F u r th e rm o re ,  we do n o t  in c lu d e  th e  e l e c t r o m a g n e t i c  s p i n - o r b i t
{'75')
p o t e n t i a l ^   ^ due to  th e  i n t e r a c t i o n  between th e  m agne tic  moment o f  th e  
i n c i d e n t  n u c leo n  and th e  Coulomb f i e l d  o f  th e  t a r g e t  n u c le u s ,  s in c e  i t s  
e f f e c t  was shown by B a t t y t o  be n e g l i g i b l e  i n  th e  energy  range  we 
a r e  c o n s id e r in g .
The o p t i c a l  model c l a c u l a t i o n s  were perfo rm ed  u s in g  th e  1 2 -p a ram e te r  
a u to m a tic  s e a rc h  code JIB3 due to  F.G. P erey .  T h is  code has been  m o d if ied  
and th e  p r e s e n t  v e r s io n  i s  c a l l e d  J IB 4 . The program perfo rm s  c a l c u l a t i o n s  
o f  d i f f e r e n t i a l  c r o s s - s e c t i o n s ,  p o l a r i s a t i o n s ,  t o t a l  r e a c t i o n  c r o s s - s e c t i o n  
and ( i f  th e  p r o j e c t i l e  i s  uncharged) t o t a l  c r o s s - s e c t i o n  f o r  e l a s t i c  
s c a t t e r i n g  o f  n u c leo n  on a n u c le u s  whose s p in  i s  ig n o re d .  I t  th e n  
compares th e  c a l c u l a t e d  v a lu e s  to  th e  e x p e r im e n ta l  d a t a  by v a l u e s .
The method employed i s  a s  d e s c r ib e d  e a r l i e r  in  t h i s  c h a p te r .  The o p t i c a l  
p o t e n t i a l  used  i s  a s  in  e q u a t io n  ( 3 .5 ) .  The in p u t  c o n s i s t s  o f  th e  
e x p e r im e n ta l  d a t a ,  i n i t i a l  v a lu e s  o f  th e  p o t e n t i a l  p a ra m e te rs  and th e  
o p t io n s  in  doing  th e  c a l c u l a t i o n s  such as th e  n u m e rica l  i n t e g r a t i o n  
s t e p - l e n g t h s ,  maximum number o f  gu esses  a l low ed  and o th e r  s p e c i f i c a t i o n s .
I t  can s e a rc h  up to  12 p a ra m e te rs  v a r i e d  s im u l ta e n o u s ly  i n  such 
a way t h a t  th e  c h i - s q u a r e d  d e v i a t i o n  between e x p e r im e n ta l  and c a l c u l a t e d  
q u a n t i t i e s  i s  m in im ised . An o p t io n  i s  a l s o  a v a i l a b l e  to  p e rfo rm  a
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o n e - s h o t  c a l c u l a t i o n  i n  which no s e a rc h  w i l l  be done. There i s  no 
o p t io n  f o r  in c o r p o r a t i n g  th e  k in e m a tic  c o r r e c t io n s  t o  th e  S ch ro ed in g e r  
e q u a t io n .
The o u tp u t  c o n s i s t s  o f  th e  p o t e n t i a l  p a r a m e te r s ,  t h e  c r o s s - s e c t i o n s ,  
p o l a r i s a t i o n s ,  r e f l e c t i o n  c o e f f i c i e n t s ,  phase  s h i f t s ,  c h i - s q u a re d  v a lu e s  
and th e  p r i n t i n g  o f  th e  c e n t r a l  p o t e n t i a l s .
This  programme was ru n  on th e  R u th e r fo rd  Computer IBM 360/195.
I t  r e q u i r e s  abou t 210K words o f  co re  f o r  c o m p i la t io n  and abou t 98K words 
f o r  e x e c u t io n .
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CHAPTER 4
ANALYSIS OF PROTON-CARBON 12 ELASTIC SCATTERING
4.1  I n t r o d u c t io n
( 2 1 ')S ince  th e  su c c e s s  o f  Le L e v ie r  and Saxon^ , many c a l c u l a t i o n s
u s in g  th e  complex o p t i c a l  p o t e n t i a l  were c a r r i e d  o u t  and a b le  t o  g ive  
th e  o v e r - a l l  f e a t u r e s  o f  th e  i n t e r a c t i o n s .  This  s u g g e s ts  t h a t  th e  
p r o p e r t i e s  o f  th e  n u c l e a r  m a t t e r  i n  bu lk  a r e  o f  s i g n i f i c a n t  i n f l u e n c e  
in  d e s c r ib i n g  th e  e l a s t i c  s c a t t e r i n g  r a t h e r  th a n  th e  i n d i v id u a l  
s t r u c t u r e  o f  th e  n u c l e i  which comes in  as  a s e c o n d -o rd e r  e f f e c t .  For 
i n s t a n c e  th e  work o f  F e s h b a c h o n  n e u t ro n  s c a t t e r i n g  was a b l e  to  
acc o u n t  f o r  th e  g ro s s  f e a t u r e s  o f  th e  i n t e r a c t i o n  which v a ry  sm oothly  
w ith  th e  mass number and in c i d e n t  ene rgy ,  even when th e  o p t i c a l  p o t e n t i a l  
used  was o f  th e  s im p le s t  form. S ince  th e n ,  th e  e l a s t i c  s c a t t e r i n g  o f  
n u c leo n s  and o th e r  p r o j e c t i l e s  have been s tu d ie d  o v e r  a wide en e rg y  range  
and on v a r io u s  n u c l e i .
U su a l ly  p ro to n -n u c le u s  s c a t t e r i n g  d a ta  were a n a ly se d  f o r  t a r g e t  
n u c l e i  h e a v i e r  th a n  ^®Ca. T h is  has  been done by S e th ^ ^ ^ ,  Nadasen e t  
a l  ( 9 ) ,  y an O ers^^^^ , Roos and W a l l , H o r o w i t z , Kwiatkowski and 
Wall^^^^ and o th e r  a u th o r s .  The la c k  o f  o p t i c a l  model a n a l y s i s  f o r  
p ro to n  s c a t t e r i n g  on and and o th e r  l i g h t e r  t a r g e t s  can be 
a t t r i b u t e d  to  th e  d o u b t fu l  v a l i d i t y  o f  o p t i c a l  model f o r  l i g h t  n u c l e i .
As f o r  th e  heavy and medium w eigh t n u c l e i  th e y  more n e a r l y  app roach  th e  
l i m i t  o f  un ifo rm  n u c l e a r  m a t t e r .  T h e i r  energy  l e v e l s  a r e  much c l o s e r  
t o g e t h e r ,  so t h a t  i s o l a t e d  re so n a n c e s  do n o t  a f f e c t  th e  i n t e r a c t i o n  as  
th e y  do f o r  l i g h t  n u c l e i .  Moreover, f o r  th e  v e ry  l i g h t  n u c l e i ,  ^He 
f o r  exam ple, exchange r e a c t i o n s  can ta k e  p la c e  q u i t e  f r e q u e n t l y .  T h is  
p oses  c o n s id e r a b le  problem s f o r  s c a t t e r i n g  a t  l a rg e  a n g le s .  However,
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Leung and S h er if^ ^^ ^  were a b le  t o  f i t  p ro to n  + ^He s c a t t e r i n g  d a ta  f a i r l y  
s u c c e s s f u l l y .
T h is  c h a p te r  conce rns  th e  u se  o f  phenom enolog ical o p t i c a l  model 
i n  a n a ly s in g  e l a s t i c  s c a t t e r i n g  d a t a  f o r  p ro to n  on a.t i n t e r m e d ia te  
e n e r g i e s .  Here in t e r m e d ia te  e n e rg ie s  mean th e  energy  range  between 
abou t 50 MeV to  160 MeV k i n e t i c  e n e rg ie s  o f  th e  p r o j e c t i l e .  F i r s t ,  th e  
e x p e r im e n ta l  d a t a  on p ro to n  + e l a s t i c  s c a t t e r i n g  w i l l  be p r e s e n te d .  
Then, th e  p r e l im in a r y  r e s u l t s  o f  th e  a n a l y s i s  w i l l  be r e p o r t e d ,  t o g e t h e r  
w ith  th e  check on th e  c o n s i s te n c y  o f  th e  v a r io u s  d a ta  u sed  in  th e  a n a l y s i s
4 .2  E xperim en ta l Data
The e x p e r im e n ta l  d a ta  s e t  f o r  p ro to n  - e l a s t i c  s c a t t e r i n g  i s  
g iven  in  Table 4 .1 .  Some o f  th e  d a t a  do n o t  in c lu d e  p o l a r i s a t i o n  d a ta  
and o n ly  two o f  th e  d a t a ,  a t  156 MeV and 140 MeV, in c lu d e  t o t a l  r e a c t i o n  
c r o s s - s e c t i o n  d a t a .  T o ta l  c r o s s - s e c t i o n  d a ta  a re  n o t  a v a i l a b l e  i n  any 
o f  t h e  d a ta  because  f o r  a charged  p r o j e c t i l e  i t s  v a lu e s  a r e  i n f i n i t e  and 
hence n o t  b e in g  measured e x p e r im e n ta l ly .  Most o f  th e  d a ta  a r e  l i m i t e d
to  fo rw ard  a n g le s  o n ly  gg d e g r e e s ) ,  ex cep t f o r  145 MeV d a ta  and
49 MeV d a t a .  Data a t  49 MeV have been ta k e n  from t h r e e  d i f f e r e n t
p u b l i c a t i o n s .
The d a ta  s e t  o f  Table 4 .1  shows t h a t  o n ly  two o f  them have th e
t o t a l  r e a c t i o n  c r o s s - s e c t i o n  d a t a .  Those w ith o u t  t h e s e  d a ta  a r e
s u p p l ie d  from th e  v a lu e s  o b ta in e d  by th e  i n t e r p o l a t i o n  in  F ig u re  4 .1 .
f 82)Data p o in t s  in  F ig u re  4 .1  were o b ta in e d  from th e  works o f  Comparât ,
J a r v i s a n d  Renberg e t  a l^ ^ ^ ^ .
Note t h a t  th e  u n i t  f o r  th e  d i f f e r e n t i a l  c r o s s - s e c t i o n ,  a ( 6 ) ,  i s  
in  m i l l i b a m s  p e r  s t e r a d i a n  ( m b / s r ) , f o r  th e  p o l a r i s a t i o n ,  P ( 9 ) ,  i s
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d im e n s io n le s s  and th e  t o t a l  r e a c t i o n  c r o s s - s e c t i o n ,  o^ , i s  i n  m i l l i b a m s  
(mb).
There a r e  s e v e r a l  e x p e r im e n ta l  d a ta  a t  e n e rg ie s  which a r e  q u i t e  
c lo s e  t o  one a n o th e r .  These a r e  a t  156, 145, 144, 143 and 140 MeV 
l a b o r a to r y  e n e rg ie s  o f  th e  p r o j e c t i l e .  They have been p l o t t e d  on th e  
same graph  p a p e rs  in  o rd e r  t o  check th e  c o n s i s te n c y  between them as  shown 
in  F ig u re s  4 .2  - 4 .4 .  The t r e n d s  o f  th e  d a ta  p o in t s  a r e  o b se rved  to  be 
o f  s i m i l a r  b e h a v io u r  i n  th e  same a n g u la r  ra n g e .  Hence, th e y  a r e  c o n s i s t e n t  
to  each o t h e r .
4 .3  A n a ly s is
There a r e  p r a c t i c a l l y  t h r e e  s t a g e s  in  t h i s  a n a l y s i s ,  a c c o rd in g  to  
t h e  ene rgy  range  o f  th e  p r o to n .  The f i r s t  was th e  a n a l y s i s  o f  156 MeV 
d a ta  down to  140 MeV. Then, we c o n t in u e  w ith  th e  100 MeV d a t a  down to  
75 MeV. L a t e r ,  th e  49 MeV d a ta  were a n a ly se d .  In  t h e  a n a l y s e s ,  th e  
methods o f  p re v io u s  c h a p te r s  were f u l l y  used .
G e n e ra l ly ,  th e  p ro ced u re  we adop ted  i s  as fo l lo w s .  In  o r d e r  to  
compare th e  e x p e r im e n ta l  d a ta  w ith  th e  o p t i c a l  model c a l c u l a t i o n  th e  
p a ra m e te rs  o f  th e  assumed form o f  th e  o p t i c a l  p o t e n t i a l  have to  be v a r i e d  
u n t i l  c a l c u l a t e d  v a lu e s  resem ble  t h e  ex p e r im e n ta l  q u a n t i t i e s .  T h is  i s  
judged  n u m e r ic a l ly  by th e  v a lu e  o f  x^- Hence th e  problem  i s  red u ced  
to  th e  m in im iz a t io n  o f  t h i s  q u a n t i t y .  The f i t t i n g  p ro c e d u re  was s t a r t e d  
w ith  a p h y s i c a l l y  r e a s o n a b le  p o t e n t i a l ,  u s u a l l y  t h e  p a ra m e te rs  from 
p re v io u s  a n a ly s e s .  T h is  was done in  o rd e r  to  avo id  th e  e x c e s s iv e  
n u m e ric a l  work and th e  danger o f  o b ta in in g  th e  f a l s e  minima f o r  x^ v a lu e s  
in  th e  p a ra m e te r  space such t h a t  th e  r e s u l t i n g  p o t e n t i a l s  w i l l  be u n p h y s ic a l  
The p a ra m e te rs  were v a r i e d  in  a s y s te m a t ic  way. F i r s t ,  each o f  th e
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p a ra m e te rs  was v a r i e d  i n d i v i d u a l l y  u n t i l  a minimum v a lu e  o f  was 
o b ta in e d  w h ile  th e  o th e r  p a ra m e te rs  rem ain c o n s t a n t .  When a minimum 
had been  found i n  t h i s  subspace  th e  p a ra m e te r  c o r re sp o n d in g  to  i t  was 
k e p t  f i x e d .  In  t u r n ,  a n o th e r  p a ra m e te r ,  which was k e p t  f ix e d  b e f o r e ,  
was v a r i e d  u n t i l  a minimum x^ was a g a in  o b ta in e d  w h ile  o th e r  p a ra m e te rs  
rem ain  c o n s t a n t .  T h is  p ro c e d u re  was r e p e a te d  u n t i l  a l l  th e  p a ra m e te rs  
had been  v a r i e d  i n d i v i d u a l l y  and choosing  th e  p a ra m e te rs  t o  be k e p t  f ix e d  
a t  a c o r re sp o n d in g  minimum x^ v a lu e s .  Then, th e  number o f  p a ra m e te rs  t o  
be v a r i e d  was in c r e a s e d  by one and th e  above p ro ced u re  was ag a in  r e p e a te d ,  
u n t i l  a l l  th e  12 p a ra m e te rs  were v a r i e d  s im u l ta n e o u s ly .
The above p ro c e s s  o f  independ  f i t  a t  each energy  f o r  a p a r t i c u l a r  
n u c le u s  to  o b ta in  th e  p a r t i c u l a r  p o t e n t i a l s  i s  n o t  f r e e  from th e  s o - c a l l e d  
p a ra m e te r  a m b i g u i t i e s T h e  f a c t  t h a t  t h e  p o t e n t i a l  would n o t  be 
d e te rm in e d  u n iq u e ly  a r i s e s  from th e s e  a m b ig u i t i e s .  As a r e s u l t ,  t h e r e  
a r e  v e ry  many p o t e n t i a l s  t h a t  g iv e  com parable f i t s  to  th e  e x p e r im e n ta l  d a t a .  
The m u l t i - d im e n s io n a l  s u r f a c e  o f  x^ as a fu n c t io n  o f  th e  p o t e n t i a l  p a ra m e te r s  
shows many lo c a l  minima in  which i t  i s  o f t e n  d i f f i c u l t  to  i d e n t i f y  th e  one 
w ith  p h y s ic a l  s i g n i f i c a n c e .  A part from t h i s  re a so n  we e n c o u n te r  o th e r  
a m b ig u i t i e s ,  w he ther  co n t in u o u s  o r  d i s c r e t e ,  such as due to  th e  
n o r m a l i s a t i o n  e r r o r  o f  th e  e x p e r im e n ta l  d a t a .
B es ides  th e  a m b ig u i t i e s  d is c u s s e d  above, th e  s c a r c i t y  o f  d a ta  p o i n t s  
and th e  l i m i t e d  a n g u la r  range  o f  th e  d a ta  a l s o  c o n t r i b u t e  q u i t e  a 
s i g n i f i c a n t  p r o p o r t i o n  in  th e  p a ra m e te rs  d e te r m in a t io n .
In  t h e  fo l lo w in g  th e  p r e l im in a r y  r e s u l t s  o f  th e  u n r e s t r i c t e d - p a r a m e t e r  
s e a r c h e s  f o r  th e  f i t  to  each o f  th e  d a ta  s e t  w i l l  be p r e s e n te d .  E l a b o r a t e  
a n a ly s e s  f o r  in d e p en d en t f i t s  o f  th e  d a ta  and c o n s t r a in e d - p a r a m e te r  s e a r c h e s  
whereby some o f  th e  p a ra m e te rs  a r e  k e p t  f i x e d  so t h a t  an average  p o t e n t i a l  
i s  o b ta in e d  w i l l  be d i s c u s s e d  in  th e  n e x t  C h ap te r .
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4 .3 .1  156 MeV
The d a t a  have t y p i c a l  f e a t u r e s  o f  th e  in t e r m e d ia te  energy  r e g io n .
The d i f f e r e n t i a l  c r o s s - s e c t i o n s  f a l l  sm oothly  w ith  i n c r e a s in g  s c a t t e r i n g  
an g le  and v e ry  l i t t l e  o s c i l l a t o r y  b e h a v io u r .  The p o l a r i s a t i o n s  d a ta  
have marked o s c i l l a t i o n s .
We have used  th e  p a ra m e te rs  found to  g iv e  t h e  b e s t  f i t  t o  th e s e  
d a ta  by Comparât^ as  th e  s t a r t i n g  v a lu e s .  What we were doing  h e re  
was to  improve th e  f i t  t o  th e s e  d a t a  r e s u l t i n g  w ith  a new s e t  o f  p a ra m e te r s .  
F o llow ing  th e  above p ro c e d u re ,  a l lo w in g  th e  p a ra m e te rs  o f  th e  p o t e n t i a l  
t o  v a ry  s y s t e m a t i c a l l y ,  we hope to  g e t  an improved f i t .
F i r s t ,  th e  s e a rc h  was done on th e  p a ra m e te rs  i n  th e  c e n t r a l
p o t e n t i a l  o n ly  le a v in g  th e  s p i n - o r b i t  p a r t  unchanged as was found by 
f821Comparât . The im ag inary  p a r t  o f  th e  c e n t r a l  p o t e n t i a l  used  was 
volume form as  has  been w e ll  known a t  t h i s  en e rg y ,  ex c e p t  f o r  v e ry  l i g h t  
n u c l e i  such as ^Li which p r e f e r s  s u r f a c e  a b s o r p t i o n T h e n ,  we l e t  
th e  s p i n - o r b i t  p a r t  equa l to  zero  and th e  above s te p  was r e p e a t e d .  The
r e s u l t s  o f  b o th  c a l c u l a t i o n s  were th e n  compared. S u r p r i s i n g l y ,  th e  form er
gave worse f i t  th a n  th e  l a t e r  e i t h e r  v i s u a l l y  o r  v a lu e s .  T h is  
c o n t r a d i c t s  e a r l i e r  a n a ly s e s  a t  t h i s  energy  and th o s e  o f  Comparât. T h is
happens because  we d id  th e  s e a rc h e s  by v a ry in g  too  many p a ra m e te rs  a t  t h e
same tim e  and a l low ed  th e  v a lu e s  to  wander w i ld ly  on th e  p a ra m e te r
s u r f a c e  and c o n s e q u e n t ly  h i t  one o f  th e  v a l l e y s  which was n o t  th e  t r u e
minimum p o i n t .  This can be judged  by th e  u n p h y s ic a l  v a lu e s  o f  th e
p a ra m e te rs  o b ta in e d  in  th e  f i r s t  c a s e .  For i n s t a n c e ,  th e  optimum 
g iv e s  SLj > Tj .
To change th e  t a c t i c s ,  we d id  th e  s e a rc h e s  by f i t t i n g  o n ly  th e  
d i f f e r e n t i a l  c r o s s - s e c t i o n  d a ta  a lo n e  t o g e t h e r  w ith  th e  t o t a l  r e a c t i o n  
c r o s s - s e c t i o n  datum e x c lu d in g  th e  p o l a r i s a t i o n  d a t a .  T h is  was done f o r  
th e  two ca se s  above and th e  r e s u l t i n g  p a ra m e te rs  a r e  shown in  T ab le  4 .2
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o f  p o t e n t i a l s  I and I I  r e s p e c t i v e l y .  The c o r re s p o n d in g  f i t s  t o  th e  
e x p e r im e n ta l  d a t a  a r e  shown in  F igu re  4 .5 .  I t  was found t h a t  th e  
p o t e n t i a l  w ith  s p i n - o r b i t  components g iv e s  b e t t e r  f i t  w i th  trem endous ly  
sm all v a lu e  compared w ith  th e  one w ith o u t  th e  s p i n - o r b i t  component. 
S ea rch in g  f o r  th e  b e s t - f i t  p a ra m e te rs  w ith o u t  s p i n - o r b i t  component 
p roduces  o s c i l l a t o r y  b e h a v io u r  a t  l a r g e r  a n g le s  between 30°-60° in  th e  
c a l c u l a t e d  d i f f e r e n t i a l  c r o s s - s e c t i o n s .
So f a r  we have been u s in g  Comparât' s  p a ra m e te rs  f o r  th e  s p i n - o r b i t  
p a r t .  By v a ry in g  th e s e  p a ra m e te rs  as w e ll  we g e t  improved f i t  a t  th e  
second minimum o f  th e  d i f f e r e n t i a l  c r o s s - s e c t i o n  d a ta  w ith  s t i l l  s m a l le r  
X  ^ v a lu e .  The new p a ra m e te rs  a r e  shown in  Table 4 .2  o f  p o t e n t i a l  I I I  
and th e  p l o t  t o  th e  f i t  in  F igu re  4 .6 .
We now in c lu d e  p o l a r i s a t i o n  d a ta  i n  th e  s e a rc h  p ro ced u re  and r e p e a t  
th e  above s t e p s .  The r e s u l t s  o f  th e  b e s t  f i t  a r e  shown i n  F ig u re  4 .7  
and th e  p o t e n t i a l  p a ra m e te rs  i n  Table  4 .2  o f  p o t e n t i a l s  IV and V. The 
f i t s  to  b o th  d i f f e r e n t i a l  c r o s s - s e c t i o n  and p o l a r i s a t i o n  d a ta  a r e  p o o r ,  
e i t h e r  w ith  o r  w i th o u t  s p i n - o r b i t  f o r c e  b e in g  in c lu d e d  in  th e  o p t i c a l  
p o t e n t i a l .  The c a l c u l a t e d  d i f f e r e n t i a l  c r o s s - s e c t i o n s  g iv e  o s c i l l a t o r y  
b e h a v io u r  beyond 30° f o r  b o th  c a s e s .  The d is c re p a n c y  between th e  b e s t  
f i t s  beyond t h i s  an g le  caused  by th e  com pensa tion  to  a c h ie v e  f i t  t o  th e  
p o l a r i s a t i o n  d a t a .  However, th e  c a l c u l a t e d  p o l a r i s a t i o n  i s  low er th a n  
th e  e x p e r im e n ta l  d a t a  p a r t i c u l a r l y  a t  sm all  a n g le s .
In o rd e r  to  g e t  th e  b e s t  f i t  t o  th e  p o l a r i s a t i o n  d a ta  so t h a t  th e  
s p i n - o r b i t  p a ra m e te rs  cou ld  be u n iq u e ly  d e te rm in e d ,  we s e a rc h e d  th e  ■ 
p a ra m e te rs  by f i t t i n g  th e  p o l a r i s a t i o n  d a ta  a lo n e .  Good f i t  t o  th e s e  
d a t a  was o b ta in e d  and i s  shown in  F ig u re  4 .9 .  The p a ra m e te rs  a r e  as  i n  
Table  4 .2  o f  p o t e n t i a l  VI.
S t a r t i n g  from th e  p a ra m e te rs  o f  p o t e n t i a l  VI we s e a rc h  a g a in  f o r  
th e  b e s t - f i t  p a ra m e te rs  by f i t t i n g  th e  d i f f e r e n t i a l  c r o s s - s e c t i o n .
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p o l a r i s a t i o n  and t o t a l  r e a c t i o n  c r o s s - s e c t i o n  d a ta  s im u l ta n e o u s ly .  
Fo llow ing  th e  p re v io u s  p ro c e d u re ,  v a ry in g  t h e  p o t e n t i a l  p a ra m e te rs  
s y s t e m a t i c a l l y  u n t i l  we a c h ie v e  th e  b e s t  f i t  t o  th e  d a t a ,  we o b ta in e d  
th e  f i n a l  r e s u l t s  a s  shown in  F ig u re s  4 .1 0  and 4 .1 1 .  The co r re sp o n d in g  
p a ra m e te rs  a r e  i n  Table 4 .3 .  The f i t s  to  b o th  d i f f e r e n t i a l  c r o s s - s e c t i o n  
and p o l a r i s a t i o n  d a t a  a re  b o th  re a s o n a b ly  good b u t  th e  c a l c u l a t e d  v a lu e  o f  
th e  t o t a l  r e a c t i o n  c r o s s - s e c t i o n  i s  a b i t  low er th a n  th e  ex p e r im e n ta l  one.
4 .3 .2  145 MeV
The d a ta  c o n s i s t  o f  d i f f e r e n t i a l  c r o s s - s e c t i o n s  o n ly  and were
(851o b ta in e d  from Emmerson e t  a l  . The t o t a l  r e a c t i o n  c r o s s - s e c t i o n  
datum was o b ta in e d  by i n t e r p o l a t i o n  from F igu re  4 .1 .
S t a r t i n g  from th e  b e s t - f i t  p a ra m e te rs  o b ta in e d  f o r  156 MeV 
d a t a ,  th e  145 MeV d a ta  were f i t t e d  f o r  th e  b e s t  optimum p a ra m e te r s ,  
fo l lo w in g  th e  p r e v io u s  p ro c e d u re .  F i r s t ,  f i t t i n g  was done w ith o u t  th e  
s p i n - o r b i t  component, th e n  w i th  th e  s p i n - o r b i t  f o r c e  in c lu d e d .
Good agreem ent w i th  th e  d a ta  i s  o b ta in e d  f o r  th e  b e s t  f i t  w i th  
th e  s p i n - o r b i t  f o r c e  as  can be seen  from F ig u re  4 .1 2 .  The c o r re sp o n d in g  
p a ra m e te rs  a re  in  T ab le  4 .3 .  Hence, we a c c e p t  t h a t  t h e  f i t  i s  r e a s o n a b le .
4 . 3 .3  144 MeV
The d a ta  c o n s i s t  o f  d i f f e r e n t i a l  c r o s s - s e c t i o n  o n ly  and a r e  c o n f in e d  
to  a r a t h e r  sm all  fo rw ard  ang le  r e g io n .  As u s u a l ,  t h e  t o t a l  r e a c t i o n  
c r o s s - s e c t i o n  was o b ta in e d  by i n t e r p o l a t i o n .
From p re v io u s  a n a ly s e s  a t  h ig h e r  e n e rg ie s  i t  has been found t h a t  
th e  s p i n - o r b i t  f o r c e  i s  n e c e s s a ry  in  a n a ly s in g  d a ta  a t  t h i s  energy  ra n g e .  
H e n c e fo r th ,  we would in c lu d e  t h i s  f o r c e  i n  o u r  a n a ly s e s  s in c e  t h i s  i s
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more a p p r o p r i a t e  th a n  w ith o u t  th e  s p i n - o r b i t  f o r c e .
The 144 MeV p ro to n  s c a t t e r i n g  on has  been a n a ly se d  b ased  on 
t h i s  s p i r i t  - u s in g  s p i n - o r b i t  f o r c e  case  o n ly .  The b e s t  f i t  d i f f e r e n t i a l  
c r o s s - s e c t i o n s  a r e  shown in  F ig u re  4 .1 3  and th e  c o r re s p o n d in g  p a ra m e te rs  
in  Tab le  4 .3 .  The d i f f e r e n t i a l  c r o s s - s e c t i o n s  have been c o r r e c t l y  
rep ro d u ced .
4 . 3 .4  143 MeV
The d a t a  c o n s i s t  o f  d i f f e r e n t i a l  c r o s s - s e c t i o n  and p o l a r i s a t i o n  
d a ta ,  b u t  a re  c o n f in e d  to  a q u i t e  sm all fo rw ard  s c a t t e r i n g  an g le  2 ° -1 2 ° .  
C onsequen tly ,  th e  d i f f e r e n t i a l  c r o s s - s e c t i o n  d a ta  p o in t s  a r e  c o n f in e d  to  
th e  l a r g e  m agnitude r e g io n .  T o ta l  r e a c t i o n  c r o s s - s e c t i o n  has  been 
o b ta in e d  by i n t e r p o l a t i o n  in  F ig u re  4 .1 .
S t a r t i n g  from th e  p a ra m e te rs  a t  144 MeV d a ta  s e a rc h  was done o n ly  
on th e  d i f f e r e n t i a l  c r o s s - s e c t i o n  d a ta  a lo n e .  This  s te p  was ta k e n  
fo l lo w in g  th e  p r e v io u s  e x p e r ie n c e  w ith  th e  156 MeV d a ta  b e f o r e .  The 
f i t  t o  th e  d i f f e r e n t i a l  c r o s s - s e c t i o n  d a ta  was re a s o n a b le  b u t  as  ex p ec ted  
has a r a t h e r  l a r g e  v a lu e .  Then, s t a r t i n g  w ith  th e  p a ra m e te rs  o b ta in e d  
a t  t h i s  s t e p  th e  s e a rc h  was c o n t in u e d  by f i t t i n g  th e  d i f f e r e n t i a l  c r o s s -  
s e c t i o n  and p o l a r i s a t i o n  d a ta  as w e ll  as  th e  t o t a l  r e a c t i o n  c r o s s - s e c t i o n  
datum s im u l ta n e o u s ly .  The r e s u l t s  o f  t h e  b e s t  f i t s  t o  th e s e  d a t a  a r e  
r a t h e r  r e a s o n a b le  as  shown in  F ig u re s  4 .14  and 4 .1 5 .  The r e l e v a n t  
p a ra m e te rs  a re  shown in  Table 4 .3 .
4 .3 .5  140 MeV
The d a ta  c o n s i s t  o f  th e  d i f f e r e n t i a l  c r o s s - s e c t i o n s ,  p o l a r i s a t i o n s
f83jand t o t a l  r e a c t i o n  c r o s s - s e c t i o n s  and a r e  o b ta in e d  from th e  work o f  J a r v i s
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A gain , b o th  d i f f e r e n t i a l  c r o s s - s e c t i o n  and p o l a r i s a t i o n  d a ta  a r e  r e s t r i c t e d  
t o  sm all  a n g le s .
The s e a rc h  was s t a r t e d  u s in g  th e  p a ra m e te rs  o b ta in e d  f o r  143 MeV 
d a t a .  By e x p e r ie n c e  from 156 and 143 MeV d a t a ,  th e  b e s t - f i t  p a ra m e te rs  
were o b ta in e d  by f i t t i n g  th e  d i f f e r e n t i a l  c r o s s - s e c t i o n  d a ta  a lo n e  w ith  th e  
t o t a l  r e a c t i o n  c r o s s - s e c t i o n  datum. L a te r  on th e  p o l a r i s a t i o n  d a ta  b e in g  
in c lu d e d  and th e  p ro c e d u re  was r e p e a te d .  The f i n a l  r e s u l t s  o f  th e  f i t t i n g  
a re  shown i n  F ig u re s  4 .16  and 4 .1 7  and th e  b e s t - f i t  p a ra m e te rs  f o r  t h i s  
energy  a r e  p r e s e n te d  in  Table 4 .3 .  The f i t s  to  b o th  d a ta  a r e  re a s o n a b ly  
good f o r  th e  d a ta  p o i n t s  a v a i l a b l e .
4 .3 .6  100 MeV
The e x p e r im e n ta l  d a ta  c o n s i s t  o f  d i f f e r e n t i a l  c r o s s - s e c t i o n  o n ly .
The t o t a l  r e a c t i o n  c r o s s - s e c t i o n  datum has been o b ta in e d  by i n t e r p o l a t i o n  
in  F ig u re  < .1 .
S t a r t i n g  from th e  p a ra m e te rs  o b ta in e d  f o r  140 MeV d a ta  th e  b e s t - f i t  
p a ra m e te rs  were o b ta in e d  by th e  u s u a l  method d e s c r ib e d  above. The r e s u l t  
i s  p r e s e n te d  in  F igu re  4 .18  and th e  b e s t - f i t  p a ra m e te rs  i n  Tab le  4 .3 .
So f a r  we have been u s in g  th e  volume form o f  t h e  c e n t r a l  im ag ina ry  
p a r t  o f  t h e  o p t i c a l  p o t e n t i a l .  T h is  form i s  re a s o n a b le  f o r  h ig h  k i n e t i c  
energy  o f  th e  p r o j e c t i l e .  This  i s  com patib le  w ith  th e  P a u l i  e x c lu s io n  
p r i n c i p l e .  However, a t  low er e n e r g ie s  th e  s u r fa c e -p e a k e d  form i s  
needed . So, we would l i k e  to  d e te rm in e  t h e  form o f  th e  c e n t r a l  
im ag in a ry  p a r t  p r e f e r r e d  a t  t h i s  en e rg y .  We used  th e  m ix tu re  o f  volume 
and s u r f a c e  forms in  th e  f i t t i n g  p ro c e d u re  u n t i l  we a c h ie v e  t h e  b e s t - f i t  
p a r a m e te r s .  But, th e  dep th  o f  th e  s u r f a c e  form o f  t h e  c e n t r a l  im ag in a ry  
p o t e n t i a l  o b ta in e d  was n e g l i g i b l y  sm all  and th e  r e s t  o f  th e  p a ra m e te rs  
in c lu d in g  th e  v a lu e  and th e  c a l c u l a t e d  t o t a l  r e a c t i o n  c r o s s - s e c t i o n  were
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h a r d ly  d i f f e r e n t  from th e  b e s t - f i t  u s in g  th e  volume form o n ly .  Hence, 
we conclude  t h a t  a t  100 MeV th e  o p t i c a l  p o t e n t i a l  p r e f e r s  th e  volume form 
o f  th e  im ag in a ry  c e n t r a l  p a r t .
4 . 3 .7  96 MeV
The d a t a  c o n s i s t  o f  d i f f e r e n t i a l  c r o s s - s e c t i o n  o n ly .  As u s u a l ,  th e  
t o t a l  r e a c t i o n  c r o s s - s e c t i o n  datum has  been o b ta in e d  by i n t e r p o l a t i o n .
At t h i s  ene rgy  we have used  t h r e e  forms o f  t h e  c e n t r a l  im ag inary  
p a r t :  th e  volume, th e  m ix tu re  o f  volume and s u r f a c e  and th e  s u r f a c e -
peaked . Among th e  t h r e e  forms th e  b e s t  f i t  was o b ta in e d  f o r  th e  m ix tu re  
o f  volume and s u r fa c e -p e a k e d  one. The f i t  t o  th e  d i f f e r e n t i a l  c r o s s -  
s e c t i o n  d a ta  can be seen  in  F ig u re  4 .19  and th e  r e l e v a n t  p a ra m e te rs  in  
Table 4 .3 .
4 .3 .8  75 MeV
The d a ta  c o n s i s t  o f  d i f f e r e n t i a l  c r o s s - s e c t i o n s  and p o l a r i s a t i o n .  
The t o t a l  r e a c t i o n  c r o s s - s e c t i o n  datum was o b ta in e d  by i n t e r p o l a t i o n  in  
F ig u re  4 .1 .
Again by th e  p re v io u s  p ro c e d u re s ,  we o b ta in  th e  b e s t  f i t  o p t i c a l  
p o t e n t i a l  p a ra m e te rs  w ith  a m ix tu re  o f  volume and s u r f a c e  form f o r  th e  
im ag in a ry  p a r t  o f  th e  c e n t r a l  p o t e n t i a l .  The p l o t s  o f  th e  f i t  a r e  shown 
in  F ig u re s  4 .2 0  and 4 .2 1 .  The c o r re sp o n d in g  p a ra m e te rs  a r e  i n  T ab le  4 .3 ,
4 .3 .9  49 MeV
The d a t a  have been o b ta in e d  from t h r e e  s e p a r a t e  w o rk s . The 
d i f f e r e n t i a l  c r o s s - s e c t i o n  d a ta  a re  from Fannon e t  a l^^^^  and th e
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p o l a r i s a t i o n  d a t a  from C ra ig  e t  a l^^^^  and C l a r k e C l a r k e  
th e n  ex ten d ed  th e  d i f f e r e n t i a l  c r o s s - s e c t i o n  measurements i n t o  l a r g e  
backward a n g le s .
A n a ly s in g  th e s e  d a t a  f o r  th e  b e s t - f i t  p a ra m e te rs  showed t h a t  th e  
s u r fa c e -p e a k e d  form o f  th e  im ag inary  c e n t r a l  p o t e n t i a l  i s  p r e f e r r e d .  
F u r th e rm o re ,  th e  s p i n - o r b i t  component was found to  be r e a l .  The same 
c o n c lu s io n  was a l s o  o b ta in e d  by Fannon e t  a l^ ^ ^ ^ .  The p l o t s  t o  th e  b e s t -  
f i t  a r e  as  shown i n  F ig u re s  4 .22  and 4 .2 3 .  The c o r re sp o n d in g  p a ra m e te rs  
a r e  i n  Table 4 .3 .
The o p t i c a l  model p o t e n t i a l  p a ra m e te rs  in  th e  energy  range  
100-156 MeV have been p l o t t e d  a g a i n s t  th e  c e n t r e -o f -m a s s  energy  i n  o r d e r  
to  s tu d y  th e  t r e n d  o f  th e s e  p a ra m e te rs  w ith  th e  en e rg y .  I t  i s  found t h a t
th e  r e a l  and im ag in a ry  s t r e n g t h s  o f  th e  c e n t r a l  p o t e n t i a l  v a ry  in  a 
hap h aza rd  manner. However, due to  th e  l i m i t e d  energy  range  
c o n s id e re d  th e  r e a l  c e n t r a l  s t r e n g t h  seems to  d e c re a se  w ith  en e rg y  and 
l e v e l s  o f f  beyond 145 MeV re g io n .  The im ag ina ry  p a r t  can be  ta k e n  to  
e x h i b i t  a f l u c t u a t i o n  about a c o n s ta n t  v a lu e .  The s t r e n g t h  o f  th e  
s p i n - o r b i t  p a r t ,  r a d iu s  p a ra m e te rs  and d i f f u s e n e s s  o f  each  component 
seems to  be f a i r l y  c o n s ta n t  w ith  ene rgy .  The b e h a v io u r  o f  each  o f  th e s e  
p a ra m e te rs  can be o b se rved  in  F ig u re s  4 .24  to  4 .2 6 .  The t r e n d s  seem to
be co m p a tib le  w ith  r e s u l t s  a t  low er energy  r e g i o n s a n d  some
.  • (8 1 ,9 ,9 0 )in t e r m e d ia te  energy  re g io n s ^  .
G reen lees  e t  a l h a v e  shown t h a t  th e  w e l l - d e f in e d  q u a n t i t i e s  
in v o lv e d  in  th e  a n a l y s i s  o f  p ro to n  e l a s t i c  s c a t t e r i n g  d a ta  a r e  th e  
volume i n t e g r a l s  and th e  m ean-square  r a d i i  o f  th e  r e a l  c e n t r a l  p o t e n t i a l .  
The volume i n t e g r a l  i s  d e f in e d  as
VCr)dr (4 .1 )
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which i s  r a t h e r  more in d e p en d en t o f  th e  r a d i a l  form and r a d iu s  chosen 
f o r  th e  p o t e n t i a l . The m ean-square  r a d iu s  i s  d e f in e d  as
<r^> = V ( r ) r ^  d r
V (r) d r (4 .2 )
Both o f  th e s e  q u a n t i t i e s  have been c a l c u l a t e d  and p r e s e n te d  in  
Table  4 .4  f o r  ene rgy  range  140-156 MeV. The v a r i a t i o n s  o f  th e s e  q u a n t i t i e s  
a r e  d em o n s tra ted  in  F ig u re s  4 .2 7  to  4 .3 1 .  No c o n s i s t e n t  t r e n d  cou ld  be 
observed  b e s id e s  th e  i r r e g u l a r i t i e s  in  th e  m agnitudes  a s  a fu n c t io n  o f  
en e rg y .  However, th e  r e a l  volume i n t e g r a l s  have g e n e r a l l y  low er v a lu e s
("73 gi")
th a n  th e  p u b l i s h e d  r e s u l t s ^  /   ^ b u t  f a i r l y  i n  agreem ent w i th  th e  work
(74)o f  Ingem arsson e t  a l ^  .
We have a l s o  c a l c u l a t e d  th e  im ag inary  volume i n t e g r a l s  f o r  th e
(92)c e n t r a l  p a r t ;  th e  av e ra g e  v a lu e  o f  which a g re e s  w i th  Hodgson
The ro o t-m e a n -s q u a re  r a d i i  o f  th e  r e a l  c e n t r a l  p a r t  o f  th e  
p o t e n t i a l  have ave rage  v a lu e  abou t 3 .0  fm, which i s  i n  agreem ent w ith  
Ingem arsson
a re  g e n e r a l l y  low er th a n  th e  c e n t r a l  p a r t  as  ex p e c te d '
(24) The ro o t-m e a n -sq u a re  r a d i i  o f  th e  s p i n - o r b i t  p a r t
(54)
4 .4  C onc lu s io n s
The i n v e s t i g a t i o n  c a r r i e d  o u t  above shows t h a t  th e  o p t i c a l  model 
g iv e s  a f a i r  d e s c r i p t i o n  o f  th e  e l a s t i c  s c a t t e r i n g  o f  p ro to n s  from 
b eca u se  o f  i t s  a b i l i t y  to  rep ro d u ce  th e  e l a s t i c  s c a t t e r i n g  d a ta  p r o v id e d  
th e  p o t e n t i a l  p a ra m e te rs  a re  s y s t e m a t i c a l l y  o p t im is e d  to  f i t  t h e  d a t a .
But a un ique  p o t e n t i a l  i s  im p o ss ib le  to  d e r iv e  because  o f  th e  a m b ig u i t i e s  
i n  t h e  p o t e n t i a l  p a r a m e te r s .
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In th e  above a n a l y s i s  th e  t o t a l  r e a c t i o n  c r o s s - s e c t i o n  datum has  
been in c lu d e d  b eca u se  t h i s  i s  an im p o r ta n t  q u a n t i t y  o b ta in e d  e x p e r im e n ta l ly  
which r e p r e s e n t s  t h e  n o n - e l a s t i c  p r o c e s s e s .  This  i s  v e ry  v a lu a b le  in  
d e te rm in in g  th e  v a lu e s  o f  th e  im ag inary  p a r t  o f  th e  p o t e n t i a l  p a ra m e te rs  
which w i l l  be v e ry  s i g n i f i c a n t  i f  t h i s  p o t e n t i a l  i s  used  to  g e n e ra te  
d i s t o r t e d  waves i n  th e  n u c l e a r  r e a c t i o n  c a l c u l a t i o n s .
From o u r  e x p e r ie n c e  in  do ing  th e  in d e p en d en t f i t  on a l l  th e  
p a ra m e te rs  o f  th e  o p t i c a l  p o t e n t i a l  t h a t  t h e  f i t  t o  th e  d a ta  can be improved 
s u b s t a n t i a l l y  i f  th e  p o l a r i s a t i o n  d a ta  were d e l e t e d .  By f i t t i n g  th e  
p o l a r i s a t i o n  d a t a ,  i f  i t  i s  a v a i l a b l e ,  t o g e t h e r  w ith  th e  d i f f e r e n t i a l  
c r o s s - s e c t i o n  w i l l  cause  th e  s t e p s  to  become more la b o r io u s  and troub lesom e 
b u t  th e  f i t  o b ta in e d  w i l l  n o t  be as  good as  when th e  d i f f e r e n t i a l  c r o s s -   ^
s e c t i o n  d a ta  a lo n e  b e in g  f i t t e d .  The s i m i l a r  prob lem  was en co u n te red  
by Van Oers^^^^ in  a n a ly s in g  p + ^®Ca in  th e  in t e r m e d ia te  energy  ran g e .
F i n a l l y ,  th e  p a ra m e te rs  o b ta in e d  from th e  a n a l y s i s  above do n o t  ■ 
show smooth v a r i a t i o n  w ith  energy  ex ce p t th e  geom etry shows a f a i r l y  
c o n s ta n t  v a lu e  i n  th e  energy  range  c o n s id e re d .  The volume i n t e g r a l s  and 
m ean-square  r a d i i  a l s o  do n o t  show c o n s i s t e n t  v a r i a t i o n  w ith  th e  i n c i d e n t  
p r o j e c t i l e  en e rg y .  Hence, a more s y s te m a t ic  method has  to  be d e v is e d ,  
f i x i n g  some o f  th e  p a ra m e te rs  a t  c e r t a i n  v a lu e s  f o r  example, in  o rd e r  to  
e x t r a c t  th e  av e ra g e  p o t e n t i a l  which we hope to  v a ry  sm oothly  w ith  th e  
e n e r g i e s  o f  th e  i n c i d e n t  p a r t i c l e .
Table 4 .1 :  Data s e t  f o r  p ro to n  s c a t t e r i n g  from
L ab o ra to ry  Energy 
(MeV)
156
145
144
143
140
100
96
75
49
Data
a ( 0 )
P(6)
0(8 )
0 (8 )
0 (8 )
P(8)
0 (8 )
P(8)
0 (8 )
0 (8 )
0 (6)
P(8)
0 (6 )
P(8)
Angular 
Range (d eg rees )
4 .3 8  - 64 .77  
5 .4  - 59.5
23.5  -134 .5
2 .19  - 19.15
2.19  - 12.04
2 .19  -  12.04
3.25 - 21.63
3 .25  - 16.02
6 .9  - 92 .5  
2 .5  - 96 .0
10 .0  - 43 .5
10 .0  - 43 .5
1 0 .88 -174 .66
16 .41 -1 7 4 .4 4
R eference
Comparât (1975) (82)
Emmerson e t  a l  (1966) 
Shah (1971)(93)
(85)
S te in b e rg  e t  a l  (1964) (94)
J a r v i s  (1966) (83)
Mark e t  a l  (1966) (95)
G e r s te in  e t  a l  (1957) (96)
Comparât (1975) (82)
Fannon e t  a l  (1967) (95)
C ra ig  e t  a l  (1966) (86)
and C la rke  (1976) (96)
O)
bO Tf to
C CD
• H 1 C
fH rH
<D LO Cj
4-) >
+J
cd to
o V)
(/) CD +j
U 03
u cs C
cvl W) 03
•r4 CL
44 E
+ o
O u
P4 4->
4-)
> T) o3<D C
z O 44
CL c\o w 03
LO CD 44
f-H f4 to
Cc cu O oo O o
4-1
t-4 T)tn > rH
U CD
CD 1 rC
+->
O 1-4 <D
E C
rt 10 03
4^ rH
ClJ • o3 to
CL •H 44
+J CD
r—I c 4^
rt CD O
•H +J o3
+-> O C
C CL
O
4-> 44 CD
O O X
CL 44
to
rH Cl c
(D CD •H
T) +J
O CD to
Z E C
o3 CD
f-H Cl 44
03 cti CD
o CL E
•iH o3
4-> CD C
CL 4C oj
O H CL
(N
OrH
rtH
Z 1-4 CO r - -
t o lO o LO 0 0 CM
CM 1
X 0 0 VÛ LO
0 0 T |- LO
T f rH T i­
LO LO LO LO
o 1-4 rH 1-4 1-4
c T f- vO t o t o T j-
r—t rH rH 1-4 1-4 1-4 1-4
t o t o CO c - MD
CO LO LO CM t o 1-4
oS T3" o 'd - LO o LO
O CD o CD CD o o
LO IQ C - CD
CO 1—4 1-4 0 0 CM
c CO C ) o CO 0 0 o CO
o CD CD o o CD CD
CO CO CM LO 1-4
o CMJ CM O CO 1-4 O 0 0
CO
z CM CM O o CM O CM
o r j - 0 0 LO CM
CO 0 0 CO CD LO CO CD 0 0
CD
rH r 4 CD CM CM CD r 4
tH 0 0 vO 0 0
t-4 r ^ r ^ rH CD CO MD
o3
o CD CD CD 1-4 CD CD
LO CD CM CD CM t o
t-4 o CO t o 1-4 CO 0 0
C 0 0 0 0 CM 0 0 \D
o O CM o CD CD CD
o o O c - 0 3 c - t o
> T l" LO CM 1-4 c - c -
2 :
LO CM CD CM c -
CM 1-4 CM 1-4 CM CM
LO 0 0 'd " LO 'd - o t o
1-4 o t o O LO CO
LO \ o LO \ o t o t T
03
CD CD o o o CD o
1-4 vO CM c - 0 0 MD
DC T T t o o t o 'd - T j-
C l - •
rH 1-4 1-4 1-4 1-4 1-4 1-4
o LO LO o t o t o
DC 0 0 0 0 CM t o CM c - T t
3
CM t o 'd ' 1-4 1-4 o
1-4 1-4 CM 1—4 1-4 1-4 1-4
cn(N1
•H+J
§+JOCu
4-)nJ
S
eoo
wÎ40 
■p
1  u
ciA
<UX44
c
o
X
ourt0
V )
44c0
g
&T3c
s
X
X
T30C
• H
cd44
X
o
to
tJ-
0rH
I
ou0tM
X
cd
Td
g
♦H44
0Î4
cd
§
1—4 X O O
CM X T}-
CO CM X
T f X 1-4
T f X 1-4 o
00Ol
LO
Oco
00
X
00
LO
LO
Xco
TfCM
coX
Tj-X
00
00
o  TfX CM o
tJ- cm
1-4 1-4 o
CM
LOCM CMX 00
X o
CMOc-
oo CMGO
CM
CMCM
00
CMCM
CM r-4X oX X GOCO XX
r>-
ooCM
00
00X
CMCM
oTj- coCM
X X rj-CM O CO
C" 00 t— • •
X  o  o
XX
CMCM
00
o
X
00
CM
oTj-
00
oX
X
o
XC"-
u o o CO CM i p CO o
CM u O  ■ X CO X
0 X p CM CM
C t T X CO T j-
E 0 P 1 p p P o p
O
p 0
(44 E
O
W CO
c
• H p
Î4 <  , oo X X X
0 GO X X oo
P T t CM CM
P T f X "4" X
Cd 1-4 i p r H i p o r H
O X
to 00
u
c 0
o c
p 0
o
Î4 X O O X 00 o
PL u GO CM o T j-
cd X X O X 'd-
P 0 T j- X o
O P 1 p O O P o p
4 4 p
cd
to
P
0
P
0
E CO CM 'd- T t X
cd X X X o
P X X 'd- X
cd X Tj- i H CM
C u 1 p I p P p o CM
X"d"X
CMCM
CO
o
CO
X
00
COX CMXX
CM
C O
X
00
>0
tu
a (p >0 >0s ë
X CM X
CO i H CM p
CM X
CM o o o p
CM o X
CO r H r - T j- p
t - - 0 0 X X
CM iH
1
o o r H
0 0 T j- X
p 0 0 T l- o 1 p
0 0 c o X
o X
1
o o I p
o CO CM X
X 1-4 p I p
CM o CO T j- X
X o
1
o o I p
CO T t
CM CO t T T t o
X p X
CM o
1
p o p
X o X
o r - o CM "d-
X o CM 0 0 X
CM o
1
1-4 o I p
T j- r H r - -
X o o r H X
X X o CO X
CM o
1
p o I p
o CO r ^
p p X CM X
0 0 CM CO X
CM 1-4
1
o o p
0 0 CM X
X r ^ TJ- CO p
o CM CO T j- X
CM CM
1
o o ■ I p
> > E E E
0 0 4 4 4 4 4 4
z
X
00CM
00
00
X
X
'd-CM
X
XX
CM
X
COXCM
Xt"- XT^1-4 CM
00
CO
o
00
X
Ttr--
CO
CMCMCM
X
t--
oCM
X
X
XTj-CM
00X r-X
XCM
tu
ce oX oX
CMTf
X
00
CM
X
CM
XTtCM
*d-CMCM
XCMCM
X
CM
CM
X
CM
CM
X X
cd
CMX
X
CO
'e
p  ce 0
oCM
CM
• i
X0  c e  
D
' s '
(X
o
X P<M X
Cl A
0 P CM
cu CM X
44 Cl
u . 0 VCM X
to 0
Î4 0
+ 0 Ip 0 0044 0 •H E
04 0 •H bO (X ■0-
E 44 0 1
44 0 0 E > •
O Î4 0 p 0 Ip
0 44 2 Ip
to CL O 11-4 CU p
Cd 0 X
•i4 4= 44 •0
44 44 •H
C X
0 0 u44 O o E
O 1 X
PL 4C 0 o
Ü •H PM X
P ?4 CL A
0 0 X ce CM
TO 0 X CM X
O to 0 0
E 0 V44 ,Cu
p 0
cd 0 1-4
o 03 0
•H 0 0 E44 0 ce X X
CL CL 1 X
O 0 >
03 0 o
0 0 Z Ip
10 •H
44 DC
0 XU 0
O
44 X  X
X  bO
•H 34 E
•i4 03 0 X 0-
T3 0  0 p
Cd 0  0 X PCVl
?4 •H 34 A X
0  X 0 CM P
0 44 Ü 0- 0
0 X  0 V
cd O 0
D X
c r > 34
to 0 0
1 z 0 00
c Ip •H E 0-
cd X 0 Où X f"
0 X •H 0 1
E p X E > CM
1 0 p 0 CM44 1 0 ip
O X
O o o p
U "d" cu
Ip
T3
0 0 Ip
Cd bjO 0
0 Cl ,E
to 0 X X 00
Ip U 0 CM
0 0 PM
Î4 X u A X
bû bû CM DC
0 Î4 X 0
44 0 0 V
0 0 0
•H 0 CU
0 0 ip
E X 0
0 44 0 E X
ce X X
o 0 1 •
> •H > 1p
0 00
p
• • DC
T}-
00(N XTl- X
X X
X
X
I
GO
X
X
I
o
GO
O
I
00
X
XI
00
CM
XTj-
X
X
X X
X
CM
Tt
X
CM
X
CM
X
XTf
GO
CM
X
00
o
X
X
X X
o
X
CM
c
GO
X
00
X
X
CM
X
XTj-
X
00
op
X
CM o
X
X'd-
X
oTt
o
X
CM
00
00
XTt
00
X
CO
CO
X
p
CM
H
X
X
X Tt"d" X o
FIGURE 4 .1
P lo t  o f  th e  e x p e r im e n ta l  r e a c t i o n  c r o s s - s e c t i o n s  f o r  
p - e l a s t i c  s c a t t e r i n g  a g a i n s t  th e  l a b o r a to r y  e n e r g i e s .  
Data o b ta in e d  from r e f e r e n c e s  (2 9 ) ,  (33) and (4 5 ) .
FIGURES 4 .2 ,  4 .3  AND 4 .4  
P lo t s  o f  th e  v a r io u s  ex p e r im e n ta l  d a ta  i n  o rd e r  to  check 
th e  c o n s i s t e n c y  between them. Curves drawn th ro u g h  th e  d a ta  
p o in t s  a r e  g u id es  to  th e  eye o n ly .
F ig u re  4 .2  The d i f f e r e n t i a l  c r o s s - s e c t i o n  d a t a  f o r  p - e l a s t i c
s c a t t e r i n g  a t  156 MeV and 145 MeV.
F ig u re  4 .3  The d i f f e r e n t i a l  c r o s s - s e c t i o n  d a t a  f o r  p - e l a s t i c
s c a t t e r i n g  a t  144 MeV, 143 MeV and 140 MeV as w e ll  as  p a r t  
o f  th e  156 MeV.
F ig u re  4 .4  The p o l a r i s a t i o n  d a ta  f o r  p - e l a s t i c  s c a t t e r i n g  a t
140 MeV and 143 MeV as w ell  as  p a r t  o f  th e  156 MeV.
FIGURES 4 .5  TO 4 .9
P lo t s  o f  s e v e r a l  b e s t  f i t s  to  th e  d i f f e r e n t i a l  c r o s s -  
s e c t i o n  and p o l a r i s a t i o n  d a t a  f o r  p ro to n  s c a t t e r i n g  on 
a t  156 MeV.
F ig u re  4 .5  F i t  to  th e  156 MeV d i f f e r e n t i a l  c r o s s - s e c t i o n  d a t a  f o r
p + s c a t t e r i n g  by v a ry in g  th e  c e n t r a l  p a r t  o f  th e
p o t e n t i a l  p a ra m e te r s .  S p i n - o r b i t  p a ra m e te rs  used  a r e  from
(29')Comparât . S o l id  l i n e  i s  th e  b e s t  f i t  w ith  s p i n - o r b i t  
f o r c e  and broken  l i n e  i s  th e  b e s t  f i t  w i th o u t  s p i n - o r b i t  
component. These co r re sp o n d  to  p o t e n t i a l s  I and I I  o f  
Table 4 .2 .
F ig u re  4 .6  B est f i t  t o  156 MeV d i f f e r e n t i a l  c r o s s - s e c t i o n  d a ta
f o r  p + s c a t t e r i n g  by v a ry in g  a l l  t h e  p a ra m e te r s ,  
c e n t r a l  as  w e ll  as  s p i n - o r b i t  p a r t s .  This  c o rre sp o n d s  
to  p o t e n t i a l  I I I  o f  Table  4 .2 .
F ig u re  4 .7  P lo t s  to  th e  d i f f e r e n t i a l  c r o s s - s e c t i o n s  o b ta in e d  from
b e s t  f i t s  on d i f f e r e n t i a l  c r o s s - s e c t i o n  and p o l a r i s a t i o n  
d a t a  s im u l ta n e o u s ly .  S o l id  l i n e  i s  o b ta in e d  from th e  b e s t  
f i t  w i th  s p i n - o r b i t  component and broken  l i n e  o b ta in e d  
w ith o u t  th e  s p i n - o r b i t  component. These c o r re sp o n d  to  
p o t e n t i a l  IV and V o f  Table 4 .2 .
F ig u re  4 .8  (same as  F i g . 4 .7 )  P lo t  to  th e  p o l a r i s a t i o n s  o b ta in e d
from th e  b e s t  f i t s  on b o th  d i f f e r e n t i a l  c r o s s - s e c t i o n  and 
p o l a r i s a t i o n  d a t a  s im u l ta n e o u s ly .
F ig u re  4 .9  F i t  t o  th e  p o l a r i s a t i o n  d a ta  a t  156 MeV. The cu rve
o b ta in e d  by f i t t i n g  th e  p o l a r i s a t i o n  d a ta  a lo n e ,  w i th o u t  th e  
d i f f e r e n t i a l  c r o s s - s e c t i o n  d a t a .  This  c o r re sp o n d s  to  
p o t e n t i a l  VI o f  Tab le  4 .2 .
FIGURES 4 .10  AND 4.11
Best f i t s  to  th e  d i f f e r e n t i a l  c r o s s - s e c t i o n  and 
p o l a r i s a t i o n  d a ta  a t  156 MeV f o r  p + s c a t t e r i n g  o b ta in e d  
by s im u l tan e o u s  f i t t i n g  o f  b o th  d a ta  and t o t a l  r e a c t i o n  
c r o s s - s e c t i o n  datum.
F ig u re  4 .1 0  Best f i t  to  th e  d i f f e r e n t i a l  c r o s s - s e c t i o n  d a t a .
P a ram e te rs  a r e  l i s t e d  in  Table 4 .3 .
F ig u re  4 .11  Best f i t  to  th e  p o l a r i s a t i o n  d a t a .  P a ram e te rs  a r e
l i s t e d  i n  T ab le  4 .3 .
FIGURE 4.12
Best f i t  t o  th e  d i f f e r e n t i a l  c r o s s - s e c t i o n  d a ta  a t  
145 MeV f o r  p + s c a t t e r i n g .  S o l id  l i n e  i s  th e  b e s t  
f i t  w ith  s p i n - o r b i t  component and b roken  l i n e  i s  th e  b e s t  
f i t  w i th o u t  s p i n - o r b i t  f o r c e .
FIGURE 4 .13
Best f i t  to  th e  d i f f e r e n t i a l  c r o s s - s e c t i o n  d a t a  a t  
144 MeV f o r  p + s c a t t e r i n g .  F i t  o b ta in e d  by in c lu d in g  
s p i n - o r b i t  f o r c e .
FIGURES 4 .14  AND 4.15  
Best f i t s  to  th e  d i f f e r e n t i a l  c r o s s - s e c t i o n  and 
p o l a r i s a t i o n  d a ta  a t  143 MeV f o r  p +, s c a t t e r i n g  o b ta in e d  
by s im u l tan e o u s  f i t t i n g  o f  bo th  d a ta  and th e  t o t a l  r e a c t i o n  
c r o s s - s e c t i o n  datum. The s p i n - o r b i t  f o r c e  i s  in c lu d e d  in  
th e  s e a rc h .
F ig u re  4 .14  Best f i t  to  th e  d i f f e r e n t i a l  c r o s s - s e c t i o n  d a t a .
R e lev an t p a ra m e te rs  a r e  l i s t e d  in  Table 4 .3 .
F ig u re  4 .15  Best f i t  to  th e  p o l a r i s a t i o n  d a t a .  R e le v a n t  p a ra m e te rs
a r e  l i s t e d  in  Tab le  4 .3 .
FIGURES 4 .1 6  AND 4 .17  
B est f i t s  to  th e  d i f f e r e n t i a l  c r o s s - s e c t i o n  and 
p o l a r i s a t i o n  d a ta  a t  140 MeV f o r  p + s c a t t e r i n g  o b ta in e d  
by s im u l tan e o u s  f i t t i n g  o f  b o th  d a ta  and th e  t o t a l  r e a c t i o n  
c r o s s - s e c t i o n  datum. The s p i n - o r b i t  component i s  in c lu d e d  
in  th e  s e a rc h .
F ig u re  4 .1 6  Best f i t  to  th e  d i f f e r e n t i a l  c r o s s - s e c t i o n  d a t a .
P a ram e te rs  a r e  l i s t e d  in  Table 4 .3 .
F ig u re  4 .1 7  Best f i t  to  th e  p o l a r i s a t i o n  d a t a .  The p a ra m e te r s  a r e
l i s t e d  in  Table 4 .3 .
FIGURE 4 .18
Best f i t  to  th e  d i f f e r e n t i a l  c r o s s - s e c t i o n  d a t a  a t  
100 MeV f o r  p + s c a t t e r i n g  w ith  th e  s p i n - o r b i t  
component in c lu d e d .
FIGURE 4 .19
Best f i t  to  th e  d i f f e r e n t i a l  c r o s s - s e c t i o n  d a t a  a t  
96 MeV f o r  p + s c a t t e r i n g  w ith  th e  s p i n - o r b i t  component 
in c lu d e d .
FIGURES 4 .20  AND 4.21
P lo t s  o f  th e  b e s t  f i t  t o  th e  e x p e r im e n ta l  d a t a  a t  
75 MeV f o r  p + e l a s t i c  s c a t t e r i n g .
F ig u re  4 .2 0  The d i f f e r e n t i a l  c r o s s - s e c t i o n s .
F ig u re  4 .21  The p o l a r i s a t i o n s .
FIGURES 4 .22  AND 4 .23  
P lo t s  o f  th e  b e s t  f i t  t o  th e  e x p e r im e n ta l  d a t a  a t  
49 MeV f o r  p + e l a s t i c  s c a t t e r i n g .
F ig u re  4 .22  The d i f f e r e n t i a l  c r o s s - s e c t i o n s .
F ig u re  4 .2 3  The p o l a r i s a t i o n s .
FIGURES 4 .24  TO 4 .26  
V a r ia t io n  o f  th e  o p t i c a l  model p o t e n t i a l  p a ra m e te rs  
o b ta in e d  by in d e p en d en t s e a rc h  on a l l  p a ra m e te rs  w ith  th e  
c e n t r e -o f -m a s s  e n e r g i e s  o f  th e  i n c i d e n t  p r o to n .  The 
p a ra m e te rs  a r e  l i s t e d  in  Table  4 .3 .
F ig u re  4 .2 4 a  P o t e n t i a l  s t r e n g t h s  f o r  th e  r e a l  and im ag in a ry  p a r t s  
o f  c e n t r a l  p o t e n t i a l .
F ig u re  4 .24b  The p o t e n t i a l  s t r e n g t h s  f o r  t h e  r e a l  and im ag in a ry  p a r t  
o f  th e  s p i n - o r b i t  p o t e n t i a l .
F ig u re  4 .25  R ad ia l  p a ra m e te rs  o f  th e  r e a l  and im ag in a ry  p a r t s  o f
th e  c e n t r a l  p o t e n t i a l  t o g e th e r  w ith  t h e  s p i n - o r b i t  p a r t .  
F ig u re  4 .26  The d i f f u s e n e s s  o f  th e  r e a l  and im ag in a ry  c e n t r a l  p a r t
t o g e t h e r  w i th  th e  s p i n - o r b i t  p a r t .
FIGURES 4 .2 7  TO 4.31
The volume i n t e g r a l s  and mean sq u a re  r a d i i  o f  th e  
o p t i c a l  model p o t e n t i a l  in  th e  energy  ran g e  140-156 MeV.
The q u a n t i t i e s  a r e  p l o t t e d  a g a i n s t  th e  c e n t r e -o f -m a s s  e n e rg ie s  
o f  th e  i n c i d e n t  p r o to n .  The n u m e rica l  v a lu e s  a r e  i n  T ab le  4 .4
F ig u re  4 .2 7  The volume i n t e g r a l s  o f  th e  r e a l  and im ag in a ry  p a r t s  o f
th e  c e n t r a l  p o t e n t i a l .
F ig u re  4 .2 8  The volume i n t e g r a l s  o f  th e  r e a l  and im ag ina ry  p a r t s  o f
th e  s p i n - o r b i t  p o t e n t i a l .
F igu re  4 .2 9  The m ean-square  r a d i i  f o r  th e  r e a l  and im ag in a ry  p a r t s
o f  th e  c e n t r a l  p o t e n t i a l .
F ig u re  4 .3 0  The m ean-square  r a d i i  o f  th e  s p i n - o r b i t  p o t e n t i a l .
In  t h i s  case  <r2^> = <r2^>.
F ig u re  4 .31  The rms v a lu e s  o f  th e  o p t i c a l  model p o t e n t i a l .
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CHAPTER 5
THE AVERAGE POTENTIAL FOR LIGHT NUCLEI AT INTERMEDIATE ENERGIES
5 .1  I n t r o d u c t io n
The e s s e n t i a l  f e a t u r e  o f  th e  o p t i c a l  model i s  t h a t  n u c l e i  a r e
re g a rd e d  as  b lo b s  o f  n u c l e a r  m a t t e r  whose p r o p e r t i e s  a re  d e te rm ined
by t h e i r  s i z e s  (o r  e q u i v a l e n t l y  by th e  number o f  n u c leo n s  com pris ing
them, s in c e  n u c l e a r  m a t t e r  i s  a lm os t in c o m p r e s s i b le ) , a p a r t  from sm all
d e v i a t i o n s  due to  s t r u c t u r e  e f f e c t s .  The p r o j e c t i l e  coming w ith
d i f f e r e n t  k i n e t i c  e n e rg ie s  w i l l  f e e l  th e  p o t e n t i a l ,  due to  th e  t a r g e t
n u c le u s ,  w ith  v a ry in g  m agn itudes .  Hence, th e  r e s u l t i n g  p o t e n t i a l  i s
ex p ec ted  to  show c o n s i s t e n t  v a r i a t i o n  w ith  k i n e t i c  energy  o f  th e
p r o j e c t i l e  and th e  mass number o f  th e  t a r g e t  n u c le u s .  This  i s  th e
s p i r i t  o f  th e  o p t i c a l  model - t o  d e te rm in e  th e  av e rag e  p r o p e r t i e s  o f
n uc leon  s c a t t e r i n g .  The p o t e n t i a l  o b ta in e d  from t h i s  g e n e r a l i s a t i o n
i s  c a l l e d  th e  av e rag e  ( o v e r a l l )  p o t e n t i a l .
In th e  l a s t  c h a p te r ,  th e  o p t i c a l  p o t e n t i a l s  f o r  each  n u c le u s
a t  each energy  have been d e te rm in e d  g iv in g  th e  p a r t i c u l a r  p o t e n t i a l s .
The p o t e n t i a l s  a r e  a b le  t o  rep ro d u ce  th e  a n g u la r  d i s t r i b u t i o n s  f a i r l y
w e l l ,  b u t  th e  model p a ra m e te rs  f l u c t u a t e d  w i ld ly  as a f u n c t io n  o f  energy .
The a n a ly s e s  a t  low er e n e rg ie s  and h e a v i e r  n u c l e i  show t h a t  common
geom etry can be used  w ith  th e  ene rgy  dependent dynam ical p a r a m e te r s .
In  t h i s  c h a p te r ,  we w i l l  t r y  to  f i n d  th e  av e ra g e  energy  dependen t
o p t i c a l  p o t e n t i a l  f o r  p + s c a t t e r i n g .  L a t e r ,  a g e n e r a l i s a t i o n  to
in c lu d e  ^^0 and l i g h t  n u c l e i  in  g e n e ra l  w i l l  be c o n s id e re d .  We w i l l
th e n  compare our p o t e n t i a l  w ith  t h a t  o f  Seth^^^ which i s  f o r  t h e  n u c l e i
w ith  mass number g r e a t e r  th a n  40. Soon a f t e r  we f i n i s h e d  t h i s  p r o j e c t
(9)a new a n a l y s i s  s i m i l a r  to  Seth  was com pleted  by Nadasen e t  a l  u s in g  
new d a ta  and r e l a t i v i s t i c  k in e m a t ic  c a l c u l a t i o n s .
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B es id es  th e  g e n e r a l i t y  o f  th e  o v e r a l l  p o t e n t i a l  o b ta in e d  i t  has 
a l s o  th e  ad v an tag e  o f  f a c i l i t a t i n g  th e  d e s c r i p t i o n  o f  th e  w avefim ctions  
in  th e  v i c i n i t y  o f  th e  n u c le u s ,  and e n ab le s  them to  be c a l c u l a t e d  even 
though no e l a s t i c  s c a t t e r i n g  d a ta  a r e  a v a i l a b l e .  T h is  i s  u s e f u l  i n  
th e  s t u d i e s  o f  n u c l e a r  r e a c t i o n s ,  f o r  example (p ,2p )  and (p ,d )  r e a c t i o n s .  
Of c o u r s e ,  th e  o p t ic a l -m o d e l  p o t e n t i a l  f o r  e x i t  c h an n e ls  a r e  a l s o  r e q u i r e d ,
5 .2  Average P o t e n t i a l  f o r  p + E l a s t i c  S c a t t e r i n g
5 .2 .1  P rocedu re  1
In th e  p re v io u s  c h a p te r  (C hap ter  4 ) ,  t h e r e  a r e  s e v e r a l  p a ra m e te rs  
o f  th e  p o t e n t i a l  which f l u c t u a t e  a round a common v a lu e ,  no m a t t e r  how 
random th e  f l u c t u a t i o n s  a r e .  . The p a ra m e te rs  such as r ^ ,  a^ ,  Ug^, Wg^, 
rgQ and ag^ show t h i s  b e h a v io u r .  So i t  i s  r e a s o n a b le  t o  ta k e  th e  av e rag e  
v a lu e s  o f  th e s e  p a ra m e te rs  as  th e  common p a ra m e te r  in  t h i s  energy  r a n g e .  
However, i n s t e a d  o f  doing  t h i s  a v e ra g in g  we f i x  them a t  t h e i r  v a lu e s  f o r  
156 MeV d a t a .  T h is  i s  ad eq u a te  f o r  th e  v a lu e s  a t  t h i s  en e rg y  a r e  
com parable to  av e rag e  v a lu e s  and in  a d d i t i o n  th e s e  d a t a  have been 
c a r e f u l l y  f i t t e d  to  g iv e  th e  b e s t  f i t .  T h is  can be seen  in  F ig u re s  4 .24b  
to  4 .26  o f  C hap te r  4.
So, keep ing  r ^ ,  a^ ,  Ug^, Wg^, rg  and ag c o n s ta n t  a t  156 MeV v a lu e s  
an u n c o n s t r a in e d  s e a rc h  to  g e t  th e  b e s t - f i t  v a lu e s  to  th e  rem a in in g  
p a ra m e te rs  was done f o r  e n e rg ie s  156 MeV down to  75 MeV. By u n c o n s t r a in e d  
s e a r c h  i s  meant th e  s e a rc h  by n o t  f i t t i n g  th e  t o t a l  r e a c t i o n  c r o s s - s e c t i o n  
datum. The f i n a l  v a lu e s  o f  th e  p a ra m e te rs  a r e  p r e s e n te d  in  Table 5 .1 .
At 100 MeV and 96 MeV a m ix tu re  o f  volume p lu s  s u r f a c e  form o f  t h e  c e n t r a l  
im ag in a ry  p o t e n t i a l  has  been u sed .  h lie reas  th e  volume form i s  d e f i n i t e l y  
p r e f e r r e d  by th e  100 MeV d a ta ,  a m ix tu re  o f  b o th  i s  fav o u red  by 96 MeV 
d a t a .  The 75 MeV d a ta  seem to  p r e f e r  volume form. However, th e  r e s t
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o f  th e  d a t a  a t  h ig h e r  e n e r g ie s  need  volume form o f  th e  c e n t r a l  im ag inary  
p o t e n t i a l .
As can be seen  i n  F ig u re s  5 .1  and 5 .2 ,  th e  r e a l  p o t e n t i a l  s t r e n g t h  
shows a l i n e a r l y  d e c re a s in g  f u n c t io n  o f  energy  b u t  th e  im ag in a ry  s t r e n g t h  
does n o t  show smooth v a r i a t i o n  w ith  energy . The im ag in a ry  volume 
i n t e g r a l s  and th e  t o t a l  r e a c t i o n  c r o s s - s e c t i o n s  v a ry  in  th e  same f a s h io n  
as  th e  im ag in a ry  s t r e n g t h ,  W^. T h is  i s  n o t  s u r p r i s i n g  s in c e  th e y  
r e p r e s e n t  th e  n o n - e l a s t i c  p r o c e s s e s  in  th e  i n t e r a c t i o n s .
The r e a l  c e n t r a l  s t r e n g t h ,  U^, has been f i t t e d  u s in g  th e  fo rm ula
= 30.76 (1 .0  - 0 .0046 E ] (5 .1 )
b u t  t h e r e  a r e  no s u i t a b l e  fo rm ulae  t h a t  can be f i t t e d  to  th e  im ag ina ry  
c e n t r a l  p a r a m e te r s .
5 . 2 .2  P rocedu re  I I
Now th e  p a ra m e te rs  r^  and a^ a r e  h e ld  c o n s ta n t  a t  156 MeV v a l u e s ,  
hop ing  t h a t  th e  s t r e n g t h  o f  th e  im ag ina ry  p o t e n t i a l  w i l l  show a smooth 
v a r i a t i o n  w ith  energy  as does th e  r e a l  p a r t .  We c o n t in u e  th e  
u n c o n s t r a in e d  s e a rc h  by v a ry in g  o n ly  and Wy (and th e  q u a n t i t y  
Wy + W^  a t  low er e n e r g i e s ) . S t i l l  th e  Wy does n o t  show a smooth 
v a r i a t i o n  w ith  energy  b u t  behaves i n  a s i m i l a r  manner as  as  i t  was 
p r e v io u s l y .  The v a r i e s  q u i t e  c o n s i s t e n t l y  w ith  energy  as b e f o r e .  
T h is  can be o b se rved  i n  F igu re  5 .3 .
5 .2 .3  P rocedure  I I I
U ndoubtedly , we cannot u se  th e  same te c h n iq u e  f o r  th e  im ag in a ry  
p a r t  as  th e  r e a l  p a r t  i n  g e t t i n g  th e  smooth v a r i a t i o n  o f  th e  s t r e n g t h
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w ith  en e rg y .  T h is  i s  o n ly  to  be e x p e c te d ,  s in c e  th e y  in v o lv e  d i f f e r e n t  
p r o c e s s e s .  The im ag in a ry  p o t e n t i a l  ta k e s  acco u n t o f  a l l  n o n - e l a s t i c  
p r o c e s s e s  which u s u a l l y  in c lu d e  many d i f f e r e n t  ty p e s  o f  r e a c t i o n s .
Hence, th e  t r e a tm e n t  i s  o b v io u s ly  n o t  s i m i l a r  to  th e  r e a l  p o t e n t i a l .
One o f  th e  p o s s i b l e  ways to  t r e a t  t h e  im ag ina ry  p a r t  i s  t o  f i t  th e  
d a ta  by in c lu d in g  th e  t o t a l  r e a c t i o n  c r o s s - s e c t i o n  datum as  an 
a d d i t i o n a l  p o i n t .  T h is  w i l l  h o p e f u l ly  g ive  an i n d i c a t i o n  o f  th e  
b e h a v io u r  o f  t h e  im ag in a ry  p a r t .  T h is  i s  c a l l e d  c o n s t r a in e d  o p t i m i s a t i o n .
F o llow ing  P rocedu re  I ,  f i x i n g  a l l  t h e  p a ra m e te rs  a t  156 MeV v a lu e s  
e x c e p t  th e  c e n t r a l  im ag in a ry  p a r t  -  U^, Wy (o r  Wy + and , r^  and a.j - 
we do th e  f i t t i n g  by c o n s t r a in e d  o p t i m i s a t io n .  The r e s u l t s  a r e  p r e s e n te d  
in  T ab le  5 .2 .
The r e a l  p o t e n t i a l  d e p th ,  U^, as b e f o r e ,  shows a l i n e a r l y  d e c r e a s in g  
f u n c t io n  o f  en e rg y  as  shown in  F ig u re  5 .4 .  The p o i n t s  have been 
approx im ated  (by f i t t i n g )  by th e  f u n c t io n
Ur (E^w) = 24.134 (1 .0  - 0 .00359 E^^) (5 .2 )
The im ag in a ry  p o t e n t i a l  d ep th  has been p l o t t e d  in  F ig u re  5 .5 ,  
though th e  v a lu e s  a r e  s t i l l  f l u c t u a t i n g  b u t  t h e  g e n e ra l  t r e n d  can be 
o b se rv e d .  I t s  v a lu e s  i n c r e a s e  from 75 MeV up to  143 MeV and b e g in  
to  d e c re a se  beyong 144 MeV. However, no g e n e ra l  fo rm ula  can be 
f i t t e d  to  th e  p o i n t s .
The d i f f u s e n e s s ,  a^ ,  shows a f a i r l y  l i n e a r  v a r i a t i o n  w ith  en e rg y  
as shown in  F ig u re  5 .6 .  I t  has  been f i t t e d  by a f u n c t i o n a l  form
^^CM^  "  0.612 - 1 .62  X  1 0 " 5  fm. (5 .3 )
The r a d i a l  p a ra m e te r ,  r ^ ,  shows a lm o s t  a c o n s ta n t  v a lu e  e x c e p t  
a t  75 MeV. T his  c o n s ta n t  v a lu e  i s  ta k e n  t o  be
r^  = 0.932 fm. (5 .4 )
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The v a lu e  i s  now r e g a rd e d  as th e  av e ra g e  p a ra m e te r  v a lu e  f o r  th e  
im ag in a ry  c e n t r a l  p o t e n t i a l .
We a l s o  c a l c u l a t e d  th e  volume i n t e g r a l s  and th e  ro o t-m e a n -s q u a re  
r a d i i  f o r  each  en e rg y .  These a r e  p l o t t e d  in  F ig u re  5 .6 a .  The f i t s  to  
th e  r e a c t i o n  c r o s s - s e c t i o n s  a r e  f a i r l y  good. The volume i n t e g r a l s  v a ry  
in  t h e  same manner as t h e  c a l c u l a t e d  r e a c t i o n  c r o s s - s e c t i o n s .  However, 
th e  ro o t-m e a n -s q u a re  r a d i i  a r e  i n s e n s i t i v e  to  th e  v a r i a t i o n  w ith  ene rgy .
5 .2 .4  P rocedu re  IV
The s e a rc h  i s  ag a in  r e p e a te d  w ith  t h e  p a ra m e te rs  r ^ ,  a^ ,  Ug^, Wg^, 
rg  and ag a re  h e ld  c o n s ta n t  a t  156 MeV v a lu e s  and Ur a c c o rd in g  to  th e  
fo rm ula  o f  e q u a t io n  ( 5 .2 ) ,  a^  a c c o rd in g  to  th e  e q u a t io n  (5 .3 )  and r^  a t  
th e  v a lu e  o f  0 .932 fm (e q u a t io n  5 . 4 ) .  This  tim e o n ly  th e  s t r e n g t h  o f  
th e  im ag in a ry  p a r t  i s  v a r i e d ,  e i t h e r  volume p a r t ,  s u r f a c e  p a r t  o f  a m ix tu re  
o f  th e  two, th e  r e s u l t s  o f  which a r e  p r e s e n te d  in  Table  5 .3 .  Below
100 MeV th e  t h r e e  k in d s  o f  im ag in a ry  p o t e n t i a l  have been u sed .  The
100 MeV d a ta  seem n o t  to  p r e f e r  any o f  th e  p o t e n t i a l  fo rm s. The 96 MeV 
d a ta  have s l i g h t  p r e f e r e n c e  f o r  th e  m ix tu re  o f  s u r fa c e -p lu s -v o lu m e  form 
r a t h e r  th a n  th e  volume form, w hereas th e  75 MeV d a ta  p r e f e r  t h e  s u r f a c e  
form. The t o t a l  dep th  o f  th e  im ag in a ry  c e n t r a l  p a r t ,  W = Wy + has  been 
p l o t t e d  as  a f u n c t io n  o f  c e n t r e -o f -m a s s  energy  in  F ig u re  5 .7 ,  where th e  
100 MeV and 96 MeV d a ta  a re  b o th  chosen to  have t h e  m ix tu re  o f  s u r f a c e -  
p lu s-vo lum e form and th e  75 MeV d a t a  to  have o n ly  t h e  s u r f a c e  form. The 
c r i t e r i a  u sed  a re  th e  s m a l ln e s s  o f  %^/N v a lu e s  and t h e  c lo s e n e s s  o f  th e  
c a l c u l a t e d  t o t a l  r e a c t i o n  c r o s s - s e c t i o n s  to  t h a t  o f  th e  e x p e r im e n ta l  
v a lu e s .  S ince  th e  volume form g iv e s  comparably low er v a lu e s  o f  x^/N as 
w e l l ,  th e  v a lu e s  o f  Wy have a l s o  been p l o t t e d  on t h e  same graph  in  
F ig u re  5 .7 .
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The im ag in a ry  c e n t r a l  p o t e n t i a l  has two k in d s ,  a m ix tu re  o f  
volume p lu s  s u r f a c e  and volume form s, o f  which th e  f i r s t  k in d  can be 
r e p r e s e n t e d  by th e  fu n c t io n
? Y 1W (E^J = 10 .0  + 0 .14  E ^ ,  - — — —  MeV (5 .5 )
w ith
'CM' "CM 3
'■CM-'
W = Wy + Wp (5 .6 )
and th e  second k in d  by a c o n s ta n t  v a lu e
w ith
Wy = 27.05 MeV (5 .7 )
Wr  =  0 . 0
These a r e  t h e  two forms o f  th e  im ag inary  c e n t r a l  p o t e n t i a l  d ep th  
s u i t a b l e  f o r  p + e l a s t i c  s c a t t e r i n g  f o r  75 - 156 MeV p r o to n  k i n e t i c  
e n e r g i e s .
To check th e  p o i n t s  a t  low er e n e r g ie s  i n  F ig u re  5 .7 ,  t h e  49 MeV 
d a ta  were u sed .  R epea ting  th e  above p ro c e d u re  IV f o r  th e s e  d a t a  we 
o b ta in e d  th e  r e s u l t s  as p r e s e n te d  in  Table 5 .3  f o r  th e  49 MeV d a ta .
I t  p r e f e r s  th e  s u r f a c e  o r  th e  m ix tu re  o f  s u r f a c e  w ith  sm all  volume fo rm s. 
But, th e  t o t a l  r e a c t i o n  c r o s s - s e c t i o n s  a r e  g e n e r a l l y  low er th a n  th e  
e x p e r im e n ta l  v a lu e  in  t h i s  c a s e .  However, th e  v a lu e s  o f  th e  p o t e n t i a l  
d ep th  a r e  in  agreem ent w ith  th e  t r e n d  a t  low er ene rgy  v a lu e s .  But, when 
we use  th e  volume form a lo n e ,  s t a r t i n g  w ith  th e  v a lu e  a c c o rd in g  to  
e q u a t io n  (5 .7 )  and do ing  th e  f i t t i n g  by v a ry in g  i t s  v a lu e  a lo n e ,  we have 
b e t t e r  agreem ent in  th e  t o t a l  r e a c t i o n  c r o s s - s e c t i o n  w ith  t h e  e x p e r im e n ta l  
v a lu e ,  w ith  Wy = 25 .0  MeV and l a r g e r  x^/N. The com parison  i n  th e  f i t s  
u s in g  o n ly  s u r f a c e  and volume forms r e s p e c t i v e l y  o f  th e  im ag in a ry  c e n t r a l  
p o t e n t i a l  a r e  shown i n  F ig u re s  5 .8  and 5 .9  f o r  t h e  d i f f e r e n t i a l  c r o s s -
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s e c t i o n s  and p o l a r i s a t i o n s .  Both o f  th e  c a l c u l a t e d  d i s t r i b u t i o n s  
te n d  t o  s h i f t  to  th e  l e f t  (fo rw ard  a n g le s )  in  chang ing  from th e  sm all  
s u r f a c e  form to  a l a r g e  volume form. The f i t s  t o  th e  d i f f e r e n t i a l  
c r o s s - s e c t i o n  d a t a  a r e  r a t h e r  i n f e r i o r  f o r  t h e  l a r g e  volume form th a n  
th e  s u r f a c e  one. The f i t s  t o  th e  p o l a r i s a t i o n  d a t a  a r e  p o o r  f o r  b o th  
fo rm s .
Hence we found t h a t  below 100 MeV th e  forms o f  th e  im ag ina ry  
c e n t r a l  p o t e n t i a l  dep th  a r e  c o m p lic a te d .  The form i s  e i t h e r  volume 
o n ly  o r  a m ix tu re  o f  s u r f a c e - p lu s - v o lu m e . So we have to  de te rm ine  
th e  p r o p o r t i o n  o f  Wy and W^  in  th e  g e n e ra l  e x p re s s io n  o f  e q u a t io n  ( 5 .5 ) .  
To do t h i s  we p l o t t e d  th e  q u a n t i t y  Wy as a f u n c t i o n  o f  W f o r  th e  e n e rg ie s  
below 100 MeV in  F ig u re  5 .1 0 .  The p o in t s  have been f i t t e d  w ith  th e  
e x p re s s io n
Wy = 1.297W - 7 .538 (5 .8 )
Note t h a t  th e  v a lu e s  o f  Wy a r e  i l l o g i c a l  t o  be n e g a t iv e  i n  th e  
above e x p r e s s io n ,  b ecau se  t h i s  w i l l  cause  t h e  a b s o r p t iv e  p o t e n t i a l  to  
a c t  as  a so u rce  r a t h e r  th a n  as a s in k .  C le a r ly ,  from F ig u re  5 .7  ou r  
fo rm ulae  ( 5 .5 ) ,  (5 .6 )  and (5 .8 )  sh o u ld  n o t  be u sed  f o r  v e ry  low e n e r g i e s .  
The r e s u l t s  o b ta in e d  by S e th  a r e  a l s o  g iven  in  F ig u re  5 .7  f o r  com parison .
5 .3  The Average P o t e n t i a l
Below we c o l l e c t  t o g e th e r  th e  fo rm ulae  f o r  th e  average  p o t e n t i a l   ^
we have o b ta in e d  i n  a n a ly s in g  t h e  p + e l a s t i c  s c a t t e r i n g  d a t a  from 
49 - 156 MeV, ( th e  s t r e n g t h s  a r e  i n  MeV and th e  s i z e  p a ra m e te rs  a re  
in  f e r m i ) :
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P o t e n t i a l  A
24 .13  (1 .0
= 1.454
= 0.554
= 27.05 w ith
^1 = 0.932
^1 = 0.612
^SO
= 2.064
^SO = -2 .2 7 4
= 0.948
= 0.492
^c
= 1.516
'CMM
P o t e n t i a l  B
I t  i s  th e  same as  p o t e n t i a l  A f o r  th e  r e a l  c e n t r a l  and th e  
s p i n - o r b i t  p a r t  as  w e ll  as  th e  g e o m e tr ic a l  p a ra m e te rs  f o r  th e  im ag in a ry  
c e n t r a l  p a r t ,  e x c e p t  f o r  th e  im ag in a ry  c e n t r a l  d e p th s  which a re
= 10 .0  + 0 .14  E,
where
and
V
Wr  =  0 . 0
'CM
X ^ 100 MeV
W = 10 .0  + 0 .14  ECM
2 X  lOG 
CM Er < 100 MeV
Wy = 1.297W - 7 .538 ^0, o th e rw is e  0
W = Wy + Wr
The v a lu e s  o f  Ur , Wy and W^  which r e s u l t  from ou r  fo rm ulae  a r e  
p r e s e n te d  in  Table  5 .4 ,  t o g e th e r  w ith  th e  v a lu e s  o f  x^/N f o r  t h e  
c o r re sp o n d in g  c a l c u l a t i o n s .  The i n c r e a s e  in  x^/N ran g e s  betw een a
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f a c t o r  o f  1 .5  and 9 , b u t  r e a s o n a b le  agreem ent w ith  th e  ex p e r im e n ta l  
v a lu e  o f  Or i s  m a in ta in e d  in  most c a s e s ,  ex ce p t  f o r  t h e  p o t e n t i a l  B a t  
49 MeV. In  t h i s  r e s p e c t ,  o u r  p o t e n t i a l s  show b e t t e r  agreem ent w ith  
experim en t th a n  t h a t  o f  S e th  .
The p l o t s  to  some o f  th e  f i t s  f o r  th e  av e ra g e  and b e s t - f i t  
p o t e n t i a l s  t o g e t h e r  w ith  t h a t  o f  S e th  a r e  shown in  F ig u re s  5 .11  to  5 .17 , 
We have used  av e ra g e  p o t e n t i a l  B in  th o s e  f i g u r e s .  They show t h a t  ou r
av e ra g e  p o t e n t i a l  i s  much b e t t e r  th a n  t h a t  o f  S e th .  T h is  i s  e x p e c te d
as  S e t h ' s  p o t e n t i a l  i s  f o r  t a r g e t  n u c le u s  h e a v i e r  th a n  ^®Ca.
Of c o u r s e ,  th e  av e rag e  p o t e n t i a l  does n o t  y i e l d  as  good an 
agreem ent between th e  c a l c u l a t e d  and ex p e r im e n ta l  d i s t r i b u t i o n s  as  th e  
in d e p en d en t  b e s t - f i t  p o t e n t i a l ,  e s p e c a i l l y  around th e  nuclear-C oulom b 
i n t e r f e r e n c e  r e g io n .  By lo w er in g  th e  v a lu e s  o f  t h e  c e n t r a l  im ag in a ry  
p o t e n t i a l  s t r e n g t h  t h i s  d is c re p a n c y  can be r e c t i f i e d  a s  can be seen  in  
F ig u re s  5 .1 8  to  5 .2 1 .  Hence, th e  main d i f f e r e n c e  between th e  two 
p o t e n t i a l s  i s  a lm o s t  e n t i r e l y  due to  t h e  cho ice  o f  th e  s t r e n g t h  o f  th e  
a b s o r p t iv e  p o t e n t i a l .  However, o u rv a lu e s  o f  th e  a b s o r p t i v e  av e ra g e  
p o t e n t i a l  p ro d u ces  q u i t e  s a t i s f a c t o r y  r e s u l t s  f o r  th e  r e a c t i o n  c r o s s -  
s e c t i o n .  For th e  S e t h ' s  p o t e n t i a l ,  th e  d i f f e r e n c e  in  th e s e  - r e g io n s  
i s  enhanced.
The e f f e c t s  o f  p o t e n t i a l s  A and B a r e  compared in  F ig u re s  5 .22  
to  5 .2 7 .  P o t e n t i a l  A g iv e s  m a rg in a l ly  b e t t e r  agreem ent w i th  t h e  d a t a  
down to  96 MeV i n  th e  nuclear-C oulom b i n t e r f e r e n c e  r e g io n .  At 75 MeV 
th e  agreem ent i s  l e s s  good beyond 35°. At 49 MeV, th e  f i t  t o  th e  
d i f f e r e n t i a l  c r o s s - s e c t i o n  i s  s l i g h t l y  l e s s  s a t i s f a c t o r y  a t  a lm o s t  a l l  
a n g le s  (b u t  much b e t t e r  th a n  S e t h ' s )  and th e  r e s u l t  f o r  th e  r e a c t i o n  
c r o s s - s e c t i o n  i s  s u b s t a n t i a l l y  b e t t e r ,  as  can be seen  in  Table 5 .4 .
The r e s u l t  we g e t  f o r  r^  i s  somewhat u n c o n v e n t io n a l  b e c a u se  th e  
v a lu e  i s  s m a l le r  th a n  i t s  r e a l  c o u n t e r p a r t  rR . But t h i s  i s  th e
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b e h a v io u r  we o b ta in e d  by ou r  in d e p en d en t  f i t s  a t  most e n e r g i e s ,
p a r t i c u l a r l y  a t  156 MeV and 75 MeV where th e  d a ta  a r e  most e x t e n s iv e .
(97)This  i s  s u p p o r te d  by th e  a n a l y s i s  o f  Comparât e t  a l  o f  th e  d a t a  
a t  156 MeV on n u c l e i  w i th  A = 12, 27, 40 , 48, 56, 62, 89 and 90; o n ly  
f o r  h e a v i e r  n u c l e i  do th e y  f i n d  r ^  < r ^ .  Although a t  75 MeV, R o lland
e t  a l^^^^  f in d  r ^  < r^  f o r  ^^C b u t  t h e i r  v a lu e  o f  %^/N i s  a f a c t o r  o f
2 .0  g r e a t e r  th a n  ou r  in d e p en d en t  f i t  and t h e i r  v a lu e  o f  i s  70%
to o  l a r g e .  For A = 40 -  209 R o lland  e t  a l  f i n d  r ^  = r ^ .  At 49 MeV,
Fannon e t  a l^^^^  found f i t s  w ith  p u re  volume a b s o r p t io n  o r  p u re  s u r f a c e  
a b s o r p t io n  w ith  r ^  > r^  and mixed volume and s u r f a c e  a b s o r p t io n  w ith
rR r j .
The energy  v a r i a t i o n  o f  th e  r e a l  p a r t  o f  th e  o p t i c a l  p o t e n t i a l  
i s  p a r t l y  due to  th e  energy  dependence o f  th e  n u c le o n -n u c le o n  p o t e n t i a l  
and p a r t l y  due to  th e  re p la c e m e n t  o f  th e  n o n - lo c a l  p a r t  o f  t h e  o p t i c a l  
p o t e n t i a l  by an e q u i v a l e n t  l o c a l  p o t e n t i a l .  This ene rgy  dependence i s  
m a n ife s te d  in  th e  r e a l  s t r e n g t h  o f  o u r  av e ra g e  p o t e n t i a l  which i s  a 
l i n e a r l y  d e c re a s in g  f u n c t io n  o f  energy .  T h is  can be a s c r ib e d  to  a 
dependence o f  th e  p o t e n t i a l  on th e  k i n e t i c  energy  o f  th e  n u c le o n  i n s i d e  
th e  n u c le u s .  For i f  Ur i s  dependen t on th e  k i n e t i c  en e rg y ,  T o f  t h e  
i n c i d e n t  n u c leo n  i n s i d e  th e  n u c le u s ,  so t h a t
UR = VQ -  a T (5 .9 )
where a and V^ a r e  c o n s t a n t s .  For n u c leo n  o f  ene rgy  E,
E = T - Ur + V^ (5 .1 0 )
where V^ i s  th e  Coulomb p o t e n t i a l  i n s i d e  th e  n u c le u s  ( f o r  p r o t o n ) .  
E l im in a t in g  T, we ge t
\  = + - ^ E  (5 . 11)
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which i s  o f  th e  same form o b ta in e d  from o u r  a n a l y s i s ,  and t h a t  o f  
Van Oers and o th e r  a n a ly s e s  a t  low er e n e r g ie s  such as by B e c c h e t t i  and 
G r e e n l e e s M e n e t  e t  a l and Perey^^^^ .
However, in  te rm s o f  t h e  b a s i c  n u c le o n -n u c le o n  i n t e r a c t i o n  p o in t  
o f  view th e  d e c re a se  o f  Ur w i th  e n e rg ie s  o f  th e  p r o j e c t i l e  i s  in  
acco rd an ce  w ith  th e  d ec re a se  o f  t h e  t o t a l  e l a s t i c  c r o s s - s e c f i o n s  o f  th e  
o f  th e  n u c le o n -n u c le o n  system  w ith  th e  i n c r e a s e  o f  th e  i n c i d e n t  energy .
The im ag in a ry  p a r t  o f  th e  av e ra g e  p o t e n t i a l  B shows energy  
dependence as  w e ll  b e s id e s  changes i n  t h e  form o f  th e  p o t e n t i a l  a t  
d i f f e r e n t  i n c i d e n t  e n e r g i e s .  I t s  form changes from a l l  volume f o r  
th e  i n c i d e n t  k i n e t i c  e n e r g i e s  o f  th e  p r o j e c t i l e  g r e a t e r  th a n  100 MeV 
to  a l l  s u r f a c e  f o r  th e  i n c i d e n t  e n e r g i e s  49 MeV downwards. In  between 
th e s e  e n e r g i e s  a m ix tu re  o f  th e  s u r fa c e -p lu s -v o lu m e  form i s  r e q u i r e d .  
F u r th e rm o re ,  th e  m agnitude o f  p o t e n t i a l  d ep th  d e c re a s e s  when th e  i n c i d e n t  
energy  becomes low er.  These e f f e c t s  come from th e  r e d u c t io n  o f  th e  
number o f  r e a c t i o n  c h an n e ls  and th e  o p e r a t io n  o f  t h e  P a u l i  e x c lu s io n  
p r i n c i p l e . At h ig h e r  e n e r g i e s  th e  incoming n u c leo n  has  enough 
energy  to  p e n e t r a t e  deep in t o  th e  n u c l e a r  volume and e x c i t e  some o f  th e  
n u c leo n  in  th e  n u c le u s  above th e  Fermi l e v e l .  As t h e  p r o j e c t i l e  energy  
d e c re a s e s  i t  i n t e r a c t s  o n ly  w i th  th e  n u c leo n s  on t h e  s u r f a c e  o f  th e  
n u c le u s  where th e y  a re  n o t  f a r  below th e  Fermi s u r f a c e  such t h a t  th e  
P a u l i  p r i n c i p l e  i s  b e in g  r e la x e d  h e r e .  This  re a s o n  t o g e t h e r  w i th  th e  
i n c r e a s e  o f  n u c le o n -n u c le o n  c r o s s - s e c t i o n  w ith  d e c re a s in g  energy  
c o n t r i b u t e s  to  th e  l o c a l i s a t i o n  o f  a b s o r p t io n  a t  th e  n u c l e a r  s u r f a c e  a t
low er e n e r g ie s  and th e  a b s o rp t io n  th ro u g h o u t  th e  n u c l e a r  volume a t  h igh
■ ( 1 0 1 ) e n e rg ie s
The c o n c lu s io n s  d e r iv e d  above a r e  in  agreem ent w i th  th o s e  a t  
low er e n e r g i e s .  However, t h i s  f e a t u r e  i s  p ro b a b ly  to o  s im p le ,  in  
p a r t i c u l a r  some energy-dependence  o f  t h e  r a d i a l  p a ra m e te rs  i s  t o  be 
e x p e c te d .
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S in ce  th e  s p i n - o r b i t  p a r t  o f  th e  av e rag e  p o t e n t i a l  has  been 
chosen to  be th e  v a lu e  a t  156 MeV so good f i t s  a r e  n o t  ex p e c te d  f o r  
th e  p o l a r i s a t i o n  d a t a  a t  low er e n e r g i e s ,  p a r t i c u l a r l y  a t  49 MeV. There 
a r e  i n d i c a t i o n s  from o t h e r  s t u d i e s t h a t  below 150 MeV p r o j e c t i l e  
e n e r g i e s  th e  shape o f  th e  im ag ina ry  p a r t  changes w i th  energy  and p e a k in g  
o u t s id e  th e  r e a l  p a r t .  Hence, d i f f e r e n t  forms o f  t h e  s p i n - o r b i t  
p o t e n t i a l  f o r  th e  r e a l  and im ag in a ry  p a r t s  a r e  e x p ec ted  in  o rd e r  t o  g iv e  
s a t i s f a c t o r y  f i t s  to  th e  p o l a r i s a t i o n  d a t a .  This  p rob lem  w i l l  be 
i n v e s t i g a t e d  in  th e  n e x t  two c h a p te r s  o f  t h i s  t h e s i s .
5 .4  The Average P o t e n t i a l  f o r  p + 1^0 E l a s t i c  S c a t t e r i n g
The d i f f e r e n t i a l  c r o s s - s e c t i o n  d a ta  f o r  e l a s t i c  p ro to n  s c a t t e r i n g  
from ^^0 a r e  a v a i l a b l e  a t  156 MeV^^^^^, 142 MeV^^^^^, 100 MeV^^^^^ and 
65 MeV^^^^^. We have used  th e  p a ra m e te rs  o f  p o t e n t i a l  B to  c a l c u l a t e  
th e  d i f f e r e n t i a l  c r o s s - s e c t i o n s  f o r  com parison w ith  t h e s e  d a t a .  We do 
n o t  make any changes to  th e s e  p a ra m e te r s .  As can be seen  in  F ig u re s  5 .2 8  
to  5 .3 1 ,  ou r  p o t e n t i a l  g iv e s  q u i t e  a c c e p ta b le  agreem ent w i th  th e  d a t a .  
M oreover, th e  a c t u a l  v a lu e s  o f  our p a ra m e te rs  a t  156 MeV a r e  i n  c l o s e  
agreem ent w ith  th o s e  o b ta in e d  by Duhamel who f i t t e d  t h a t  d a ta  a t  t h a t  
ene rgy  v e ry  a c c u r a t e l y ,  a s  can be seen  from Table  5 .5 .  He a l s o  found
The a b i l i t y  to  g e t  s a t i s f a c t o r y  r e p r o d u c t io n  o f  t h e  p + ^^0
e l a s t i c  s c a t t e r i n g  d a ta  u s in g  p + e l a s t i c  s c a t t e r i n g  d a ta  i s  n o t
v e ry  s u r p r i s i n g .  Both o f  them a r e  doubly  magic n u c le u s  and h a v in g
c lo s e d  s h e l l  and s u b s h e l l  f o r  th e  l a s t  n u c le o n s .  Hence, t h e  dependence
N - Zon th e  n u c l e a r  symmetry p a ra m e te r ,  — ^— , and th e  t a r g e t  s p in  te rm  a r e  
a b s e n t .  The dependence comes in  th rough  th e  h a l f - r a d i u s  p a ra m e te r s
4on A o n ly ,  t h a t  i s  R  ^ = A^.
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5 .5  S e n s i t i v i t y  o f  th e  o p t i c a l  p o t e n t i a l
One o f  th e  u se s  o f  th e  ave rage  o p t i c a l  p o t e n t i a l  i s  f o r  th e  
n u c l e a r  r e a c t i o n  c a l c u l a t i o n s .  A b d u l - J a l i l  and J a c k s o n u s e d  ou r
p o t e n t i a l  i n  th e  ^^ (p ,2p )  r e a c t i o n  c a l c u l a t i o n  f o r  th e  e x i t  c h a n n e l .  
They have used  th e  d i - p r o t o n  model w ith  symmetric c o p la n a r  geom etry 
which i s  p a r t i c u l a r l y  s e n s i t i v e  t o  th e  e f f e c t s  o f  d i s t o r t i o n  b ecau se  
t h e r e  a re  two o u tg o in g  p ro to n s  and th e  energy  o f  th e  o u tg o in g  p ro to n s  
v a r i e s  w ith  a n g le .
The r e s u l t  f o r  i n c i d e n t  energy  o f  = 160 MeV f o r  k n o ck -o u t  o f  
p ro to n  from IP ^  l e v e l  in  w ith  s e p a r a t io n  energy  15.96 MeV a r e  
rep ro d u ced  h e re  i n  F ig u re  5 .3 2 .  Our p o t e n t i a l  g iv e  a much b e t t e r  
r e s u l t ,  p a r t i c u l a r l y  f o r  th e  l e f t - p e a k  t o  v a l l e y  r a t i o ,  th a n  t h a t  o f  
S e th .  Hence, t h e r e  i s  a marked d i f f e r e n c e  betw een th e  c u rv e s  o b ta in e d  
u s in g  o p t i c a l  p o t e n t i a l s  w ith  d i f f e r e n t  energy  dependence.
5 .6  Comparison o f  th e  q u a n t i t i e s  w i th  o t h e r  s t u d i e s
We have c a l c u l a t e d  th e  rms r a d i i  and th e  volume i n t e g r a l s  o f  o u r  
av e rag e  p o t e n t i a l  and th e s e  a r e  p r e s e n te d  i n  Table 5 .5 .  These a r e  
compared w ith  th e  q u a n t i t i e s  o b ta in e d  by S e th .  I t  can be seen  t h a t  t h e  
d i f f e r e n t  p a ra m e te rs  do n o t  combine to  g iv e  s i m i l a r  moments.
However, th e  f i r s t - o r d e r  o p t i c a l  p o t e n t i a l  f o r  can be 
c a l c u l a t e d  u s in g  im pulse  a p p r o x i m a t i o n . Kerman e t  a l^^^  c a l c u l a t e d  
th e  r e a l  volume i n t e g r a l  u s in g  Gammel-Thaler phase  s h i f t s  and o b ta in e d
J -  ~ 382.0  - 1 .0 3  E^
w ith  rms r a d i i  <rR>2 = <Tj >  ^ = 3 .04 fm a t  90 Mev and 156 MeV.
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McDonald and H ull^^^^^ d id  s i m i l a r  c a l c u l a t i o n s  b u t  made use  
o f  th e  Y ale p h ase  s h i f t s  o ve r  th e  e n t i r e  ene rgy  ran g e  90-200 MeV 
which gave th e  volume i n t e g r a l  f o r  th e  r e a l  p a r t
J  ~ 430 .0  - 1 .5  Er
1 1 
w ith  <rR>2 = 3 .0  fm and <r^>^ = 3 .36  fm a t  156 MeV, w h ile  more r e c e n t
c a l c u l a t i o n s  by Johnson  and M a r t in ^^ ^^ '^^ ^^  u s in g  W atson 's  m u l t ip l e
s c a t t e r i n g  th e o ry  in c lu d in g  s e c o n d -o rd e r  p o t e n t i a l  g iv e
J r = 392.0  - 0 .92  Er
A ll th e s e  c a l c u l a t i o n s  a r e  i n  s a t i s f a c t o r y  agreem ent w i th  o u r  
r e s u l t  g iv en  in  T ab le  5 .6 ,  and i n d i c a t e  t h a t  th e  r e a l  p a r t  o f  o u r  p o t e n t i a l  
h as  some p h y s i c a l  s i g n i f i c a n c e  which can be j u s t i f i e d  by r e f e r e n c e  to  
th e o ry .  However, due to  th e  complex n a tu re  o f  th e  im ag in a ry  p a r t  we do 
n o t  e x p ec t  th e  f i r s t - o r d e r  th e o ry  to  g ive  an a c c u r a te  r e p r e s e n t a t i o n .
Due to  th e  many ty p e s  o f  r e a c t i o n  in v o lv e d  in  th e  c o n s id e r a t i o n  
o f  th e  im ag in a ry  p a r t  o f  th e  p o t e n t i a l  a c o n s i s t e n t  v a r i a t i o n  o f  i t s  
volume i n t e g r a l  w i th  i n c i d e n t  energy  shows c o m p lic a te d  s t r u c t u r e  as 
i n d i c a t e d  in  F ig u re  5 .3 3 .  The r e a so n s  have been e x p la in e d  e a r l i e r  i n  
c o n ju n c t io n  w ith  th e  im ag ina ry  p a r t  o f  th e  p o t e n t i a l  o f  s e t  B.
In T ab le  5 .7  we compare ou r  r e a l  p o t e n t i a l  dep th  w i th  th o s e  
o b ta in e d  in  phenom enolog ica l a n a l y s i s  o f  B e c c h e t t i  and G reen lees  and from 
v a r io u s  t h e o r e t i c a l  c a l c u l a t i o n s .  But th e  r a d i a l  p a ra m e te rs  a r e  
d i f f e r e n t  in  each  case  and o n ly  S lan ina^^^^^  has  done c a l c u l a t i o n  f o r  a 
n u c le u s  as l i g h t  as  There has  been i n d i c a t i o n  t h a t  en e rg y
dependence may d e c re a se  w ith  mass n u m b e r a n d  h en ce ,  th e  en e rg y  
dependence p o t e n t i a l  d e r iv e d  from ou r  work i s  r a t h e r  s a t i s f a c t o r y .  
F u r th e rm o re ,  ou r  fo rm ula  g iv e s  t h e  change in  s ig n  o f  t h e  r e a l  p o t e n t i a l  
a t  an en e rg y  in  r e a s o n a b le  agreem ent w i th  phenom enolog ica l a n a ly s e s
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spann ing  th e  h ig h e r  energy  range
5 .7  C onc lus ions
In  t h i s  c h a p te r ,  we have d e r iv e d  an en e rg y -d ep e n d en t f o r  p ro to n  
s c a t t e r i n g  f o r  l i g h t  n u c l e i  a p p l i c a b l e  i n  th e  energy  range  abou t 
50-200 MeV. I t  i s  a p h y s i c a l l y  r e a s o n a b le  p o t e n t i a l  and c o n s e q u e n t ly  
g iv e s  much b e t t e r  d e s c r i p t i o n  o f  p ro to n  s c a t t e r i n g  from l i g h t  n u c l e i  
th a n  p o t e n t i a l s  which a r e  d e r iv e d  by f i t t i n g  d a ta  f o r  much h e a v i e r  
t a r g e t s .
Our f o r m - f a c t o r s  a re  energy  in d e p en d en t which a r e  o f  t h e  same 
b e h a v io u r  as  th o s e  in  th e  low er e n e r g i e s ,  b u t  th e y  a r e  e x p e c te d  to  be 
ene rgy  dependent from th e  t h e o r e t i c a l  c o n s i d e r a t i o n s .  This  i n d i c a t i o n  
shows up in  ou r  v a lu e s  o f  r^  and a^ in  t h i s  a n a l y s i s ,  b u t  o n ly  v e ry  
s l i g h t .  To e s t a b l i s h  t h i s  and to  improve our p o t e n t i a l  more com plete  
ex p e r im e n ta l  measurements o f  e l a s t i c  s c a t t e r i n g  a r e  r e q u i r e d  in  t h i s  
energy  range  f o r  s e v e r a l  l i g h t  n u c l e i .
F u r th e rm o re ,  ou r  ch o ice  o f  t h e  s p i n - o r b i t  p o t e n t i a l  n eeds  f u r t h e r  
improvement as  we have d i f f i c u l t y  i n  f i t t i n g  th e  p o l a r i s a t i o n  d a t a .
T h is  w i l l  be d i s c u s s e d  i n  th e  n e x t  c h a p te r .
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T able  5 ,5 :  P a ram e te rs  f o r  p ro to n  s c a t t e r i n g  from ^^0 a t  156 MeV
and c a l c u l a t e d  v a lu e s  o f  t h e  r e a c t i o n  c r o s s - s e c t i o n
T his  work Duhamel (1975)
UR(MeV) 11.74 11.57
a^(fm) 0 .554 0 .588
r^ (fm ) 1.454 1 .46
Wy(MeV) 29.9
Wp(MeV) 0
Ugg(MeV) 2.06
ag(fm) 0.492
rg(fm ) 0.948
Or (mb) 277
12.61
0
(fm) 0.612 0 .728
r^ (fm ) 0 .932 1.249
3 .0
Wg_(MeV) -2 .2 7  - 2 .0
0 .5
1.0
306
Table 5 .6 :  Comparison o f  volume i n t e g r a l s  and r . m . s .  r a d i i  f o r
p r o to n  s c a t t e r i n g  from
< r^> |(fm ) 
<r^>2(fm) 
J r CMoV fm^)
S e th  (1969) 
2 .36
3 .46  -  0.0026E,
This  work 
3 .28
2 .82
501.1  e x p ( - 0 . 0 1 E j  377.1 -  1.22E,
5 .7 :  Energy dependence o f  t h e  dep th  o f  th e  r e a l  p o t e n t i a l
Energy range  
(MeV)
Formula f o r  Up 
(MeV)
B e c c h e t t i  § G reen lees  (1969) 10-40 5 4 ( 1 - 0 . 0059Er) 170
Jeukenne e t  a l  (1969) 20-150 5 6 (1 -0 .0 0 5 3 E .) 190
Kidwai § Rook (1971) < 50 6 3 ( 1 - 0 . 0044E^) 225
Rook (1974) 0-100 6 8 ( 1 - 0 . 0036E.) 285
S la n in a  (1969) 10-80 5 8 ( 1 - 0 . 0036Er) 280
T his  work 50-160 2 4 ( 1 - 0 .003éE^) 310
The u n c o n s t r a in e d  o p t im is a t io n
F ig u re  5 . 1 : ( f o r  p ro c e d u re  I)  The p l o t s  o f  th e  r e a l  c e n t r a l  p o t e n t i a l  d ep th  
a g a i n s t  t h e  c e n t r e -o f -m a s s  i n c i d e n t  ene rgy .  The d o t s ,  o b ta in e d  
from th e  a n a ly s e s ,  have been f i t t e d  by e q u a t io n  (5 .1 )  which i s  
shown by th e  s o l i d  l i n e .
F ig u re  5 . 2 : ( f o r  p ro c e d u re  I )  The p l o t s  o f  th e  im ag ina ry  c e n t r a l  p o t e n t i a l
d e p th ,  volume i n t e g r a l  and c a l c u l a t e d  t o t a l  r e a c t i o n  c r o s s - s e c t i o n  
as  a f u n c t io n  o f  t h e  c e n t r e -o f -m a s s  i n c i d e n t  en e rg y .  The 
l i n e s  j o i n i n g  th e  p o i n t s  s e rv e  o n ly  as  g u id es  to  th e  e y e s .
F ig u re  5 . 5 : ( f o r  p ro c e d u re  I I )  The p l o t s  o f  t h e  c a l c u l a t e d  t o t a l  r e a c t i o n  
c r o s s - s e c t i o n ,  c e n t r a l  p a r t  o f  t h e  im ag in a ry  and r e a l  p o t e n t i a l  
d e p th s .  The l i n e s  j o i n i n g  th e  p o i n t s  s e rv e  o n ly  a s  g u id es  to  
th e  ey es .
The c o n s t r a in e d  o p t im is a t io n
F ig u re  5 . 4 : ( f o r  p ro c e d u re  I I I )  The p l o t s  o f  t h e  r e a l  c e n t r a l  p o t e n t i a l
dep th  a g a i n s t  t h e  c e n t r e -o f -m a s s  i n c i d e n t  ene rgy .  The r e s u l t s  
o f  th e  a n a ly s e s  a r e  shown as  d o ts  which have been f i t t e d  by 
u s in g  e q u a t io n  (5 .2 )  and as shown by t h e  s o l i d  l i n e .  The 
fo rm u la  o b ta in e d  by S e th  f o r  t h e  r e a l  p o t e n t i a l  dep th  i s  
shown f o r  com parison .
F ig u re  5 . 5 : ( f o r  p ro c e d u re  I I I )  The p l o t s  o f  th e  im ag in a ry  c e n t r a l  dep th
a g a i n s t  t h e  c e n t r e -o f -m a s s  i n c i d e n t  energy .  The l i n e  j o i n i n g  
th e  p o i n t s  s e rv e s  o n ly  as a guide  t o  th e  e y es .
F ig u re  5 . 6 : ( f o r  p ro c e d u re  I I I )  The p l o t s  o f  th e  g e o m e tr ic a l  p a ra m e te rs
f o r  th e  im ag inary  c e n t r a l  p a r t  (r^  and a^) a g a i n s t  th e  c e n t r e -
of-m ass  i n c i d e n t  ene rgy .  The im ag in a ry  c e n t r a l  r a d i a l  
p a ra m e te r ,  shown as f u l l  c i r c l e ,  has  been av e rag ed  i n t o  a
c o n s ta n t  v a lu e  o f  0 .9317  fm and i t s  d i f f u s e n e s s  has  been 
f i t t e d  w i th  a s o l i d  curve  g iv in g  e q u a t io n  ( 5 .3 ) .
F ig u re  5 . 6 a : ( f o r  p ro c e d u re  I I I )  The p l o t s  o f  t h e  ro o t-m e a n -sq u a re
r a d iu s  o f  th e  im ag in a ry  c e n t r a l  p a r t ,  volume i n t e g r a l  f o r  th e  
im ag in a ry  c e n t r a l  p a r t  and t h e  c a l c u l a t e d  t o t a l  r e a c t i o n  cross-  
s e c t i o n .  The e x p e r im e n ta l  t o t a l  r e a c t i o n  c r o s s - s e c t i o n s  a r e  
shown as open c i r c l e s .  The l i n e s  j o i n i n g  th e  p o i n t s  a r e  
o n ly  f o r  th e  gu ides  to  th e  ey es .
F ig u re  5 . 7 : ( f o r  p ro c e d u re  IV) The p l o t s  o f  th e  im ag in a ry  c e n t r a l
p o t e n t i a l  dep th  a g a i n s t  th e  c e n t r e -o f -m a s s  i n c i d e n t  ene rgy .
The open t r i a n g l e s  were o b ta in e d  by u s in g  th e  volume form 
o n ly .  The d o ts  were o b ta in e d  by e i t h e r  volume form, s u r f a c e  
form o r  a m ix tu re  o f  th e  two, as e x p la in e d  in  t h e  t e x t .  The 
d o ts  have been f i t t e d  by e q u a t io n  (5 .5 )  which i s  shov\Ti by th e  
s o l i d  l i n e .  The volume form o f  th e  p o t e n t i a l  dep th  has  been 
av e rag ed  by a c o n s ta n t  v a lu e  o f  e q u a t io n  (5 .7 )  and i s  shown as 
th e  c h a in  l i n e .  The fo rm ula  o b ta in e d  by S e th  f o r  t h i s  
p o t e n t i a l  dep th  i s  shown as th e  d o t t e d  l i n e .
FIGURES 5 .8  AND 5 .9  
The e f f e c t  o f  u s in g  e i t h e r  volume o r  s u r f a c e  form o f  th e  
im ag in a ry  c e n t r a l  p o t e n t i a l  a t  49 MeV f o r  p + s c a t t e r i n g .  
The s o l i d  l i n e  i s  th e  r e s u l t  o f  t h e  c a l c u l a t i o n  u s in g  th e  
s u r f a c e  form and th e  d o t t e d  l i n e  u s in g  t h e  volume form. The 
o th e r  p a ra m e te rs  a re  a t  th e  average  v a lu e s .
F ig u re  5 .8  : The d i f f e r e n t i a l  c r o s s - s e c t i o n s .
F ig u re  5 .9 : The p o l a r i s a t i o n s .
F ig u re  5 . 1 0 : The p l o t s  o f  Wy a g a i n s t  W = Wy -t- W^  which have been f i t t e d  by 
e q u a t io n  (5 .8 )  and a r e  shown as a s o l i d  l i n e  p a s s in g  th ro u g h  
th e s e  p o i n t s .
FIGURES 5.11 TO 5 .17
The f i t s  to  th e  d i f f e r e n t i a l  c r o s s - s e c t i o n  and th e  
p o l a r i s a t i o n  d a t a  by th e  average  p o t e n t i a l  (shown as th e  s o l i d  
l i n e ) .  In  t h i s  c a s e ,  t h e  p o t e n t i a l  s e t  B has  been used .
The r e s u l t s  o b ta in e d  by u s in g  t h e  b e s t - f i t  p o t e n t i a l s  and 
t h a t  o f  u s in g  S e t h ' s  p o t e n t i a l  a r e  shown t o g e t h e r  as  cha in  and 
d o t t e d  l i n e s ,  r e s p e c t i v e l y .
FIGURES 5 .18  TO 5.21 
The e f f e c t s  o f  low ering  th e  v a lu e s  o f  t h e  im ag in a ry  
c e n t r a l  p o t e n t i a l  d e p th .  A ll  o t h e r  p a ra m e te rs  a re  a t  th e  
a v e ra g e  v a lu e s .
For 156 MeV, t h e  v a lu e  o f  Wy has  been low ered  from th e  
av e rag e  v a lu e  to  19.634 MeV r e s u l t i n g  i n  t h e  lo w er in g  o f  
th e  x^/N v a lu e s  from 216 .7  to  7 4 .6 .  The v a lu e  o f  has  
a l s o  been  low ered  to  175 .8  mb.
For 75 MeV, th e  v a lu e  o f  th e  m ix tu re  o f  s u r f a c e  p lu s  
volume form o f  t h e  im ag ina ry  p o t e n t i a l  d e p th s  have been 
low ered  from th e  av e rag e  v a lu e s  to  
Wy = 8.161 MeV 
and Wr = 2.979 MeV 
w ith  th e  v a lu e  o f  x^/N b e in g  low ered  to  6 .7 3  and = 219 .7  mb,
in  b e t t e r  agreem ent w ith  th e  e x p e r im e n ta l  v a lu e .
These show th e  s e n s i t i v i t y  o f  th e  nuclear-C oulom b 
i n t e r f e r e n c e  re g io n  to  th e  im ag ina ry  c e n t r a l  p o t e n t i a l s .
FIGURES 5 .22  TO 5 .27  
The e f f e c t s  o f  p o t e n t i a l s  s e t  A and B on th e  d i s t r i b u t i o n s .
FIGURES 5 .2 8  TO 5.51 
The d i f f e r e n t i a l  c r o s s - s e c t i o n s  f o r  e l a s t i c  s c a t t e r i n g  
f o r  p + ^^0 c a l c u l a t e d  u s in g  p + av e ra g e  p o t e n t i a l  
p a ra m e te r s  a t  156 MeV, 142 MeV, 100 MeV and 65 MeV.
F ig u re  5 .5 2 :The c r o s s - s e c t i o n  f o r  k n o ck -o u t f o r  a IP^ p ro to n  in  th e  (p ,2p)
r e a c t i o n  on ( rep roduced  from A b d u l - J a l i l  I .  and Jackson  D.F 
to  be p u b l i s h e d  i n  J .  Phys. G .) .
F ig u re  5 . 5 3 :The p l o t  o f  th e  volume i n t e g r a l  as  a f u n c t i o n  o f  L ab o ra to ry
i n c i d e n t  ene rgy  f o r  th e  average  p o t e n t i a l  s e t  B.
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CHAPTER 6 
MICROSCOPIC SPIN-ORBIT POTENTIAL
6 . 1 I n t r o d u c t io n
The s p i n - o r b i t  p a r t  o f  th e  o p t i c a l  p o t e n t i a l  i s  a n e c e s s a ry  
component t o  be in c lu d e d  in  th e  c a l c u l a t i o n s  i f  t h e  p o l a r i s a t i o n  o f  th e  
s c a t t e r e d  n u c leo n  i s  t o  be a cc o u n ted  f o r .  So f a r  th e  f o r m - f a c t o r  o f  
b o th  th e  im ag in a ry  and th e  r e a l  p a r t s  o f  t h i s  p o t e n t i a l  has  been 
c o n s t r a i n e d  to  be e q u a l .  Recent t h e o r e t i c a l  work by B r ie v a  and Rook^^^^^ 
h as  i n d i c a t e d  t h a t  th e y  have d i f f e r e n t  shapes  and ene rgy  dependence. To 
i n v e s t i g a t e  t h i s  p a r t  o f  t h e  o p t i c a l  p o t e n t i a l  we w i l l  u se  th e  im pulse  
ap p ro x im a tio n  i n  th e  framework o f  Kerman, McManus and T h a l e r T h i s  
method makes use  o f  th e  n u c l e a r  f o r m - f a c to r  and th e  n u c le o n -n u c le o n  
i n t e r a c t i o n .  T h is  w i l l  s t r e n g t h e n  th e  p h y s ic a l  b a s i s  o f  th e  p o t e n t i a l  
and hence th e  a m b ig u i t i e s  between th e  p o t e n t i a l s  o b ta in e d  p h e n o m en o lo g ic a lly  
can be r e s o lv e d .  By doing  th e  m ic ro sc o p ic  approach  o f  t h i s  n a t u r e ,  a t  
l e a s t  th e  q u a l i t a t i v e  f e a t u r e  o f  t h i s  p o t e n t i a l  can be o b se rv ed .  The 
p o t e n t i a l  can th e n  be compared w ith  th o s e  o b ta in e d  from th e  phenomeno­
l o g i c a l  f i t t i n g .  However, th e  m ic ro sc o p ic  s p i n - o r b i t  p a r t  o f  th e  
p o t e n t i a l  w i l l  be c a l c u l a t e d  to  th e  f i r s t - o r d e r  o n ly  whereby th e  two- 
p a r t i c l e  and h ig h e r  c o r r e l a t i o n s  a r e  n e g le c te d .
T his  c h a p te r  w i l l  p r e s e n t  th e  d e r i v a t i o n  o f  th e  n u c le o n -n u c le u s  
e l a s t i c  s c a t t e r i n g  o p t i c a l  p o t e n t i a l ,  p a r t i c u l a r l y  th e  s p i n - o r b i t  p a r t  
and th e  r e d u c t io n  o f  t h i s  fo rm alism  i n t o  th e  form s u i t a b l e  f o r  c o m p u ta tio n .  
The r e s u l t i n g  s p i n - o r b i t  p o t e n t i a l s  a r e  th e n  used  i n  th e  o p t i c a l  model 
c a l c u l a t i o n s  to  o b ta in  th e  d i f f e r e n t i a l  c r o s s - s e c t i o n  and th e  p o l a r i s a t i o n  
q u a n t i t i e s  which w i l l  be compared w ith  th o s e  o b ta in e d  p r e v io u s l y  and th e  
e x p e r im e n ta l  d a t a .
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6 .2  Formal Theory
T his  fo rm alism  i s  due to  Kerman, McManus and T h a l e r w h i c h  
d e s c r ib e s  th e  e l a s t i c  s c a t t e r i n g  o f  a n u c le o n ,f ro m  a t a r g e t  n u c leu s  
i n  te rm s o f  s c a t t e r i n g  from n u c leo n s  in  th e  t a r g e t .  T h is  i s  f o r  h ig h  
energy  p r o j e c t i l e  o f  abovè 100 MeV.
The S c h ro e d in g e r  e q u a t io n  o f  th e  system  i s ,
(Hy + K + V ) |t > = E|Y> (6 .1 )
w here,
Hy i s  th e  H am ilton ian  o f  t h e  t a r g e t  n u c le u s ,
K i s  th e  k i n e t i c  energy  o p e r a to r  o f  th e  i n c i d e n t  n u c le o n ,
N - I
V =  ^ i s  th e  i n t e r a c t i o n  p o t e n t i a l  between th e  i n c i d e n t  n u c le o n  |
and th e  t a r g e t  n u c le u s  which i s  th e  sum o f  th e  two-body
i n t e r a c t i o n s  between th e  i n c id e n t  p a r t i c l e  and th e  n u c leo n  i
o f  th e  t a r g e t ,
E i s  th e  t o t a l  energy  o f  th e  system , and
N i s  th e  number o f  n u c leo n s  i n  th e  t a r g e t  n u c le u s .  , i
The t a r g e t  n u c le u s  i s  d e s c r ib e d  by,
Hy|n) = (6-2)
w ith
< r^ ,  r ^ ,  . . .  r ^ | n )  = G^^r^, r ^ ,  . . . ,  r ^ )  (6 .3 )
i s  a c o m p le te ly  an t isy m m e tr iz e d  e i g e n s t a t e  o f  th e  t a r g e t  n u c le u s  in c lu d in g  
i t s  c e n t r e  o f  mass w av efu n c t io n  in  s t a t e  n ,  which in c lu d e s  t h e  bound s t a t e s  
as  w e ll  as th e  continuum  s t a t e s  i n  which one o r  more p a r t i c l e s  a r e  unbound, 
and
Cq = 0 , f o r  th e  ground s t a t e  o f  th e  n u c le u s ,
w ith  n $ 1, i s  th e  e x c i t a t i o n  energy  o f  th e  p a r t i c u l a r  
t a r g e t  e x c i t e d  s t a t e  and in c lu d e s  th e  n u c l e a r  r e c o i l  
ene rgy .
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The p r o j e c t i l e  i s  d e s c r ib e d  by ,
K|k> = K|k> (6 .4 )
w ith ,
ik 'T v
< r |k >  = (27t) ^ e (6 .5 )
as  th e  w av e fu n c t io n  o f  th e  i n c i d e n t  n u c leo n  which i s  th e  p la n e  wave 
d e s c r ib i n g  th e  f r e e  p a r t i c l e .
For an u n p e r tu rb e d  system .
w ith
and.
(H^ + K ) |k ,n>  = E ^ |k ,n>  (6 .6 )
k ,n> = |k > |n )
The ap p ro x im a tio n  made now i s  to  n e g l e c t  t h e  a n t i s y m m e t r i s a t i o n  
between th e  i n c i d e n t  p a r t i c l e  and th e  t a r g e t  n u c le u s .  M oreover, th e  
compound s t a t e s  o f  th e  system  canno t p la y  any r o l e  f o r  e n e r g ie s  above 
abou t 100 MeV as th e  l i f e t i m e  o f  t h e  compound s t a t e  i s  o f  th e  o rd e r  o f  
th e  t r a n s i t  tim e a c ro s s  th e  n u c le u s .
The Lipmann-Schwinger e q u a t io n  o f  th e  S c h ro e d in g e r  e q u a t io n  (6 .1 )
i s ,
1 - ^ -  + Ê .  HL -^K + i c  (G-7)I 1
w ith  th e  t r a n s i t i o n  p r o b a b i l i t y ,
T = <k;n|v|v> . (6 .8 )
V
In t ro d u c in g  th e  Mol1er  w ave-m a tr ix ,  0, such t h a t
IY> = ü | k , 0 >  ( 6 . 9 )
e q u a t io n  (6 .8 )  becomes.
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T = <k;n|vo|k,0> . (6.10)
Hence, t h e  s c a t t e r i n g  m a t r ix  i s ,
T = VO (6 .11)
Then we have,
T .  V .  V ^  ^ T C6.12)
As a consequence o f  u s in g  th e  an tisym m etrised , t a r g e t  w av efu n c t io n s  
th e  tw o-body p o t e n t i a l  i s  th e  same f o r  a l l  th e  t a r g e t  n u c le o n s  and hence 
in d e p en d en t o f  th e  l a b e l ,  i . e .
N
I V = Nv . [6 .13 )
i = l  ^
Then, e q u a t io n  (6 .1 2 )  becomes,
T = NV[1 + ^  T) (6 .14 )
where
[6 .15 )a E - H r r i - K  + i e«T
and a ,  i n  t u r n ,  i s  a p r o j e c t i o n  o p e r a t o r  f o r  c o m p le te ly  a n t i s y m m e tr ic a l  
n u c l e a r  s t a t e s ,  |n> .
D e f in in g  a s c a t t e r i n g  o p e r a t o r ,  t , which d e s c r ib e s  th e  i n t e r a c t i o n  
o f  th e  n u c leo n  w ith  one o f  th e  t a r g e t  n u c leo n s  by
T = V + V ^  T (6 .16 )
th e n  from e q u a t io n s  (6 .14 ) and (6 .15 )  we have ,
T- = u ( 0 ) [ l  + 1  T ')  [6 ^ 7 )
where
and
T '  = ( Î ^ ) T  (6 .1 8 )
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= (N - 1) t  . (6 . 19)
D efine  th e  p r o j e c t i o n  o p e r a t o r s ,
Pq = |0><0| (6 .20)
which p r o j e c t s  on to  t h e  ground s t a t e  o f  th e  n u c le u s ,  and
On = I  | n x n |  ( 6 . 2 1 )
which p r o j e c t s  o f f  th e  n u c l e a r  ground s t a t e ,  such t h a t
Pp + Qq = 1 ' ( 6 . 2 2 )
Then, u s in g  (6 .20 ) and (6 .21 )  we can  w r i t e  e q u a t io n  (6 .17 ) as
T '  = U(1 + i  Pp T ' )  (6 .23 )
where
U =
1 & Qo (6 .24)
and i s  c a l l e d  th e  p o t e n t i a l  m a t r ix  which can a l s o  be w r i t t e n  in  th e  form, 
U = u ( ° ) ( l  + 1  Qp U) (6.25)
So, f o r  e l a s t i c  s c a t t e r i n g ,  e q u a t io n  (6 .23) i s
<0|T|0> = <0|U|0> + <0|U|0> Ï -  <0|T|0> [6.26)
^0
which i s  th e  s c a t t e r i n g  from a s  i n g l e - p a r  t i d e  p o t e n t i a l  <0|u|0>,  th e  
o p t i c a l  p o t e n t i a l  and.
Cq E - K + i£  [6 .27 )
W rit in g  th e  d ia g o n a l  and n o n -d ia g o n a l  p a r t s  o f  a s  and
e q u a t io n  (6 .25 )  can  be r e w r i t t e n  in  th e  form,
U = w(uC°\ + 1  Op U) (6 .28)
w here.
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The p ro p a g a to r  i n  th e  second te rm  o f  e q u a t io n  (6 .28 ) can be 
w r i t t e n  as
and i s  th e  p r o p a g a to r ,  which d e s c r ib e s  th e  p ro p a g a t io n  o f  a  n uc leon  in  
an av e ra g e  n u c l e a r  p o t e n t i a l  o r  e q u i v a l e n t ly  as  th e  f r e e  p ro p a g a t io n  v i a  
a fo l lo w ed  by th e  m u l t i p l e  s c a t t e r i n g  due to  w.
Hence, th e  o p t i c a l  p o t e n t i a l  f o r  an  e l a s t i c  s c a t t e r i n g  i s
<0 |U |0 > = <0 | u ( 0 ) | 0 > + <0|U |n> <-, | - |K > h n |u tn >  •••
(6 .31)
The second te rm  and h ig h e r ,  i n  e q u a t io n  ( 6 .3 1 ) ,  d e s c r ib e s  th e  
v i r t u a l  n u c l e a r  e x c i t a t i o n  in  in t e r m e d ia te  s t a t e s  which c o n ta in  th e  two 
body and h ig h e r  n u c l e a r  c o r r e l a t i o n  f u n c t i o n s .  But th e  f i r s t  te rm  
c o n t a in s  a l l  th e  c o r r e c t i o n s  due to  m u l t ip l e  e l a s t i c  s c a t t e r i n g .
R e c e n tly ,  a s l i g h t l y  d i f f e r e n t  approach  to  th e  above f o rm u la t io n  
has  been  done by Amiet^^^^^ i n  term s o f  s c a t t e r i n g  am p li tu d e s  i n s t e a d  o f  
M o lle r  o p e r a t o r s .  His approach  i s  l e s s  in v o lv ed  and can  e a s i l y  be 
ex tended  to  i n e l a s t i c  s c a t t e r i n g .
6 .3  The A pproxim ations
There a r e  b a s i c a l l y  two a p p ro x im a tio n s  to  be u sed : th e  m u l t i p l e
s c a t t e r i n g  ap p ro x im a tio n  and im pu lse  a p p ro x im a t io n .  Both o f  t h e  
ap p ro x im a tio n s  a r e  c o n s id e re d  r e a s o n a b le  f o r  h ig h e r  e n e r g i e s .
The m u l t ip l e  s c a t t e r i n g  ap p ro x im a tio n  c o n s i s t s  o f  n e g l e c t i n g  th e  
second and h ig h e r  term s in  e q u a t io n  ( 6 .3 0 ) .  The o n ly  te rm  l e f t  i s  th e  
f i r s t - o r d e r  p o t e n t i a l .
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<0|u|0> e <0| u(0) | o> = C N -1)<0 |t |0>  (6 .31 )
In  th e  im pu lse  a p p ro x im a tio n ,  th e  s c a t t e r i n g  o p e r a t o r ,  t  i s  
r e p la c e d  by th e  f r e e  tw o-nuc leon  o p e r a t o r ,
^ ^  E -  -  Kg + (6 .32)
where and a r e  th e  k i n e t i c  energy  o p e r a t o r s  o f  t h e  two c o l l i d i n g  
n u c le o n s .  The im pu lse  ap p ro x im a tio n  i s ,
T r  t  (6 .33)
As a r e s u l t  o f  th e s e  two a p p ro x im a t io n s ,  th e  f i r s t - o r d e r  p o t e n t i a l
becomes
<0|U |0> = (N-1) < 0 | t |0 >  (6 .34 )
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E q u a t io n  (6 .3 4 )  can be s e p a r a t e d  o u t  i n t o  th e  problem  o f  n u c l e a r  
s t r u c t u r e  and th e  n u c le o n -n u c le o n  s c a t t e r i n g .  The a c t u a l  e x p re s s io n  
f o r  th e  f i r s t - o r d e r  o p t i c a l  p o t e n t i a l  i s .
<0,k"|u|k,0> = (N-1) <0 ,k" | t |k ,0> (6 .35)
where k and k  ^ a r e  t h e  i n i t i a l  and f i r s t  momentum o f  t h e  p r o j e c t i l e  
r e s p e c t i v e l y .  N e g le c t in g  th e  Fermi motion o f  t h e  t a r g e t  n u c le u s ,  
e q u a t io n  (6 .35 )  re d u c e s  to
N - i q . r .
<0,k"|u|k,0> = (N-1) <0|^ I  e " |0><k"|t |k> (6 .36)
i= l
N
I
i= l
1 w r
= (N-1) < 0 1 5^ d r  5 ( r - r ^ )  e - 10><k"11|k>
= (N-1)
= (N-1)
N
d r  e ^  <0 I y Ô( r - r . ) 10>< k^ |t |k>  .N ' . -  -1-  ^ ' - 1 1 -
1=1
= (N-1) F(o) < k ' | t | k >
where we have d e f in e d  th e  o n e - p a r t i c l e  d e n s i t y  d i s t r i b u t i o n  as
(6.37)
P (r )  = <0|% I  6 ( r - r ^ ) | o >  
i = l
w ith  th e  momentum t r a n s f e r  q = k " -k  and.
(^) = d r  e p ( r )
(6 .38a)
(6 .38b)
i s  th e  f o r m - f a c t o r  o f  th e  n u c le u s  which i s  j u s t  t h e  F o u r ie r  t r a n s fo rm  
o f  th e  n u c le o n  d e n s i t y  d i s t r i b u t i o n ,  and < k " | t |k >  i s  t h e  f r e e  tw o-nuc leon  
s c a t t e r i n g  m a tr ix  f i x e d  by th e  n u c le o n -n u c le u s  system . Hence i t  r e q u i r e s  
th e  o f f - e n e r g y - s h e l l  v a lu e s .  But, th e  f r e e  tw o-nuc leon  s c a t t e r i n g  m a t r ix .
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th e  r e l a t i o n  between |k " |  and | k | i s  f ix e d  by th e  t w o - p a r t i c l e  ene rg y -  
momentum c o n s e r v a t io n  laws and changes w ith  th e  c o o r d in a te  system  so 
t h a t  i t  i s  on th e  en e rg y  s h e l l .  In  r e l a t i n g  th e  f r e e  n u c le o n -n u c le o n  
c a se  t o  n u c le o n -n u c le u s  c a s e ,  i t  i s  q u i t e  c o r r e c t  a t  sm all  forw ard  
a n g le s  s c a t t e r i n g .  T h is  q u a n t i t y  i s  r e l a t e d  to  th e  f r e e  tw o-nucleon  
s c a t t e r i n g  am p li tu d e  by
M(q) = I ( 2 W ) ( e  ,^-D  P^(cose)  I . .  (g 39 )
where i t  i s  r e l a t e d  to  th e  p h a s e - s h i f t ,  6^ f o r  th e  n u c le o n -n u c le o n  e l a s t i c
s c a t t e r i n g b y
9m
(6 .40 )
where (6 ^ ,^ ^ )  and (6^ ,  c})^ ) a r e  th e  incoming and o u tg o in g  a n g le s  o f  th e  f r e e  
n u c le o n s .  The p h a s e - s h i f t s , 6 a r e  o b ta in e d  by a n a ly s in g  th e  e x p e r im e n ta l  
d a t a  on n u c le o n -n u c le o n  s c a t t e r i n g .
F i n a l l y ,  th e  o p t i c a l  p o t e n t i a l  i s  o f  t h e  form,
<0,k"|u|k,0> = - (N-1) M[g) F(o) (6 .41 )
(2tt)2|V1 ^ ^
which has been e x p re s se d  in  te rm s o f  t h e  known q u a n t i t i e s .  To e v a l u a te  
(6 .41 )  we need  th e  knowledge o f  th e  n u c l e a r  f o r m - f a c t o r ,  F (^) and th e  
n u c le o n -n u c le o n  s c a t t e r i n g  a m p li tu d e ,  M (^) .
6 .4  F ree  tw o-nuc leon  s c a t t e r i n g
The s c a t t e r i n g  w av efu n c t io n  f o r  two n u c leo n  s c a t t e r i n g  is^ ^^ ^^
*1
Y (" ) (F ,c )  = e ik -E  x ^ " h a )  ^ f
where t h e  s p i n - s c a t t e r i n g  am p li tu d e  can be w r i t t e n  as
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Assuming th e  in v a r i a n c e  u n d e r  space  r o t a t i o n s  and r e f l e c t i o n  and 
tim e r e v e r s a l ,  t h e  s c a t t e r i n g  am p li tu d e  can be  e x p re s se d  i n  a g e n e ra l
M = A + B ( a ^ ^ \ n )  .n) + CCa^^^.n + o ^^^ .n )
+ E ( a ( ^ \ q )  + F ( a . p )  ( a . p )  (6 .44)
For th e  charge  independence  in  i s o s p i n  sp ace  i t  becomes
M = MqPq + (6 .45 )
where P^ and P^ a r e  th e  p r o j e c t i o n  o p e r a to r s  f o r  s t a t e s  w i th  t o t a l  
i s o s p i n  0 and 1, r e s p e c t i v e l y .  Each and M a r e  o f  t h e  form ( 6 .4 4 ) .  
n ,  q and p a re  th e  u n i t  v e c t o r s  o r th o g o n a l  t o  each o th e r  w i th  n p e r p e n d i c u l a r  
to  th e  s c a t t e r i n g  p la n e .
For t r i p l e t  s t a t e  in  i s o s p i n  s t a t e ,
M(pp pp) = M(nn nn) = (6 .46 )
b u t  th e  p -n  s c a t t e r i n g  system  may be e i t h e r  i n  a s i n g l e t  o r  t r i p l e t  
s t a t e ,  so t h a t
M(pn pn) = |(M^ + Mq) (6 .47 )
and
Pq = 1(1 - (6 .48 )
P^ = 1(3 + 7 (1 ) . ( 6 . 4 9 )
The s c a t t e r i n g  c o e f f i c i e n t  can be w r i t t e n  as  th e  f u n c t io n  o f  
i s o t o p i c  s p in ,  f o r  example,
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A = K3A^ + Aq) + -  Aq)
= iCApp -  Ap„) + KApp - Ap^) T (1 ) .T (2 )  (6 .50 )
where A^ and A^ a r e  th e  c o e f f i c i e n t s  o f  t r i p l e t  and s i n g l e  i s o t o p i c  s p in
r e s p e c t i v e l y .  A^^ and A^^ a re  f o r  t h e  p -n  and p -p  s c a t t e r i n g .
A l l  th e s e  q u a n t i t i e s  a r e  e x p re s s e d  in  te rm s o f  t h e  two-body c e n t r e  
o f  mass and th e y  a r e  r e l a t e d  by
3 -0  " -0  (6 .51 )
k 2N
k^ N + 1 (6 .52 )
where k^ and k^ a r e  th e  i n i t i a l  and f i n a l  momenta o f  th e  n u c leo n  i n  t h e  
tw o-nuc leon  system  and 6^ i s  i t s  s c a t t e r i n g  an g le  which i s  r e l a t e d  to  t h e  
n u c le o n -n u c le u s  system  by
kg S in  8 / 2  = k S in  0/2 (6 .53a)
From e q u a t io n s  (6 .51) and (6 .5  3a) th e  n u c le o n -n u c le u s  s c a t t e r i n g  
an g le  can be e x p re s s e d  as
= 2 S i n ' I  [ ( ^  ) S i n - | ]  (6 .53b)
6 .5  The n u c l e a r  f o r m - f a c to r s
The f o r m - f a c t o r ,  F(<^) i s  t h e  F o u r ie r  t r a n s fo rm  o f  t h e  n u c leo n  
d e n s i t y  d i s t r i b u t i o n  i n  th e  n u c le u s  d e f in e d  by e q u a t io n s  (6 .38b) and 
(6 .38a )  r e s p e c t i v e l y .  I f  th e  n o rm a l is e d ,  f u l l y  a n t isy m m e tr ise d  wave­
f u n c t io n  f o r  th e  n u c l e a r  ground s t a t e ,  |0> i s  a s i n g l e  S l a t e r  d e te rm in a n t
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o f  a s i n g l e - p a r t i c l e  w av e fu n c t io n ,
|0> = (A!)"2 d e t | ^ ^ ( r ^ ) |  (6 .54)
where y i s  th e  s i n g l e - p a r t i c l e  s t a t e  f o r  a p a r t i c l e  a t  r ^ ,  th e n  e q u a t io n  
(6 .3 8 a )  becomes
p ( r )  = I l< r |y > 2  = I k  ( r ) l ^  - (6 .55 )
y y
The s t a t e s  |y> must be d e te rm in e d  in  a r e a l i s t i c  way, u s u a l l y  
by g e n e r a t in g  them in  a Saxon-Woods p o t e n t i a l  w e l l  w ith  a s p i n - o r b i t  
component. The p a ra m e te rs  o f  t h i s  p o t e n t i a l  a r e  f i x e d  by r e q u i r i n g  
t h a t  t h e  s i n g l e - p a r t i c l e  b in d in g  e n e rg ie s  a re  f i t t e d  t o  th e  e x p e r im e n ta l  
s e p a r a t i o n  e n e r g i e s  in  n u c l e a r  r e a c t i o n  s t u d i e s ,  such as  (p ,2 p )  and 
( p ,d ) ,  and th e  charge  d e n s i t y  sh o u ld  f i t  t h e  e l a s t i c  e l e c t r o n  s c a t t e r i n g .  
Such c a l c u l a t i o n s  have been done by E l to n  and S w i f t H o w e v e r ,  
Jack so n  and Murugesu^^^^^ have shown t h a t  i n  th e  c a se  o f  and ^^0, 
th e  f o r m - f a c to r s  g e n e ra te d  by th e  harm onic o s c i l l a t o r  p o t e n t i a l  w e l l  
and t h a t  o f  Saxon-Woods a r e  i n  agreem ent t o  each o th e r  up to  2 .5  fm~^
The harm onic o s c i l l a t o r  w av efu n c t io n s  a r e  c o n v e n ie n t  t o  h an d le  
a n a l y t i c a l l y .  The a lg e b ra  o f  t h e s e  f u n c t io n s  a r e  d e a l t  w ith  i n  many 
books in c lu d in g  t h a t  o f  von B u t t l e r ^ ^ ^ ^ ^ . We choose th e s e  f u n c t io n s  
to  g e n e ra te  th e  f o r m - f a c to r s  f o r  and ^^0. In  t h i s  c a s e ,  t h e  s p in -  
o r b i t  f o r c e  and th e  d i f f e r e n c e  betw een n e u t ro n  and p ro to n  p o t e n t i a l  
w e l l s  a r e  ig n o re d .
The r e q u i r e d  w av efu n c t io n s  a re  ij 
lS i S t a t e  2
2_______  -_Z_
2
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IPg S ta t e
'f'psCr)
2
=  2
-
4 r  e
9malO
2Y^(8,*)X+ ,
/^ Y lC 8 ,4 0 x +  + f T Y Ï ( 8 ,* ) x _  , mj
• f  Y j(8 ,* )x +  + * f  Y i (8 ,* )x _ , m, = -
IP i S t a t e  
- 2_______
- r '
f /&  Y ° (e ,* )x +  _ / Z Y l ( 8 , * ) x _ ,  iHj
TTQ-10 r  e
2a2
Y ; l ( 6 ,* ) x +  -  Y 0 (6 ,* )x _ ,  mj = -&
For o f  c o n f i g u r a t i o n  ( IS ^ )^  C IS ,)^  ( IP s )^  (IP s)^ ^  th e2 n p P  "T n fr p
n u c leo n  d e n s i t y  d i s t r i b u t i o n  i s ,
? C r )  =  T T  I  l < p | r > | 2
 ^ y=l
X7 (4 | i | ) 5 i ( r )  P  + 8|i|)p3Cr) |^>
3.
1
hra-
(1 +  1
a% (6 .56 )
The f o r m - f a c to r s  a r e  o b ta in e d  by s u b s t i t u t i n g  e q u a t io n  (6 .56 )  
o r  (6 .55 )  i n t o  (6 .38b) and making use  o f  th e  p a r t i a l  waves ex p an s io n
= I  i"^ (2 ^ -+ l) j  (q r )P p (C o se ) ,
a l s o  remembering.
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Sin q r
Pg(Cos 6) = 1 and j g ( q r )  = q r
so .
F (q) = 2tt
CO 71-
0 0
y i  ^ (2 £ + l) j^ (q r )P ^ (C o s  0 ) p ( r ) S in e  d0 r ^  d r,
+1
= 2u d r  r ^  y i " ^ ( 2 £ + l ) j  p ( q r ) p ( r ) d Cos 0 Pj^CCos 0)Pg(Cos 0)
-1
=  2 tt d r  r ^  y i " ^ ( 2 & + l ) jp ( q r ) p [ r ) 2&+1 £0
= 4ir d r  r^  j g ( q r ) p ( r )
= 4ir d r  r  q r  p ( r ) (6 .57 )
Hence, th e  a n a l y t i c a l  forms o f  th e  f o r m - f a c to r  a r e :
, 2 . 2
For 12c, F(q) = 1 (3  - 3 ^ )  exp qZaZl
For IGO, F(q) = - ^ ? ^ ) e x p
4
q2a2
(6 .58 )
(6 .59 )
The v a lu e s  o f  th e  l e n g th  p a ra m e te r  a re  o b ta in e d  by f i t t i n g  th e  
e l a s t i c  e l e c t r o n  s c a t t e r i n g  d a t a .  In th e  c a se  o f  l^C, a good d e s c r i p t i o n  
o f  th e  d a ta  on e l e c t r o n  s c a t t e r i n g  o v er  a range  o f  momentum o f  up to  
q % 2 .5  fm 1 u s in g  o s c i l l a t o r  w av e fu n c t io n s  w ith  a le n g th  p a ra m e te r  
a = 1 .64  fm. For 1^0 i t  i s  p o s s i b l e  t o  u se  harm onic  o s c i l l a t o r  wave­
f u n c t io n s  to  d e s c r ib e  e l a s t i c  e l e c t r o n  s c a t t e r i n g  f o r  q < 2 .5  fm-1 w ith
a le n g th  p a ra m e te r  a = 1 .76  fm (117)
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6 .6  T r a c ta b l e  form o f  th e  o p t i c a l  p o t e n t i a l
The o p t i c a l  p o t e n t i a l  o b ta in e d  e a r l i e r  has  t o  be red u ced  to  a 
form s u i t a b l e  f o r  co m p u ta tio n .  This  i s  n e c e s s a ry  b ecau se  th e  a n a l y t i c a l  
te c h n iq u e  i s  no lo n g e r  p o s s i b l e  a t  t h i s  s t a g e .
The f a c t o r i s a t i o n  o f  e q u a t io n  (6 .35) i n t o  n u c l e a r  s t r u c t u r e  and 
n u c le o n -n u c le o n  s c a t t e r i n g  p a r t s  i s  done o n ly  a f t e r  th e  m a t r ix  e lem ents  
o f  th e  s p in  and i s o s p i n  o p e r a t o r  have been e v a l u a te d ,  t h a t  i s  e q u a t io n  
(6 .34) i s  av e ra g ed  o v e r  s p in  and i s o s p i n  o f  th e  n u c leo n s  i n  th e  n u c le u s .  
For n u c l e i  w i th  t o t a l  s p in  0 and i s o s p i n  0 ,  and 1^0 f o r  i n s t a n c e ,
th e  o p t i c a l  p o t e n t i a l  becomes
< 0 , k ' | u | k , 0 >  = - ) + c f o )  a .n ]  F te )  (6 .60 )
(2ir)2m ^ T- -
where
and
such t h a t  A , A , C and C a r e  th e  r e l e v a n t  c o e f f i c i e n t s  f o r  p -p  PP p n '  pp pn
and p -n  s c a t t e r i n g .
We can w r i t e
C (o) a .n  = 1 ^ 3 1  a .k  x k 
1  ■ k^S ine"  ■ ■
= C(<7) a . k  X k^ (6 .61 )
f -  -  -
Hence, th e  f i r s t - o r d e r  o p t i c a l  model p o t e n t i a l  f o r  n u c leo n  
e l a s t i c  s c a t t e r i n g  on even-even  n u c le u s  in  momentum space  i s
< 0 , k ' ' | u | k , 0> =  V ( c j ]
(N-1) [A(o) + C (o )c .k  X k ' ]  F(o) (6 .62 )
(2,T)2m ^  1- - - - F.
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T his  i s  a  p u r e ly  n u c l e a r  p o t e n t i a l  w i th o u t  th e  Coulomb component 
f o r  p ro to n  s c a t t e r i n g .  To th e  f i r s t  o r d e r ,  i t  g iv e s  th e  same e f f e c t  
as  th e  n u c l e a r  p a r t  o f  e q u a t io n  ( 3 . 5 ) (C hap te r  3 ) .  W ri t in g  th e  n u c l e a r  
p a r t  o f  e q u a t io n  (3 .5 )  i n  momentum space
V(o) = < k ' |V ( r } |k >  = d r  e - i q . r
d r  V g^(r) r  x k . o (6 .63 )
where i s  th e  n u c l e a r  component o f  t h e  c e n t r a l  p a r t  and th e  second
te rm  on th e  r i g h t  o f  e q u a t io n  (6 .63 )  i s  th e  s p i n - o r b i t  p a r t  which i s  o f  
th e  form
m c' 77 •
(6 .64 )
E qua t ion  (6 .63 )  can be red u ce d  to (4)
m c
 ^ 77
Vso^l^  2 -k. k  X k (6 .65)
Then, com paring th e  c o e f f i c i e n t s  o f  e q u a t io n s  (6 .62) and (6 .65)
we have
v„ .„ (i? ) = - -  - - - - Â(^) F(o)cen
and
m c
 ^ 77
(2n)2 m
i2RZ(N -l)
(277) ^m
£ (^ )  F(cj)
(6 . 66)
(6 .67 )
W ri t in g  (^) i n  c o n f ig u r a t i o n  space
and fo l lo w in g  th e  same p ro ced u re  as  b e f o r e ,
2VgoCr) = 4tt Vgo(,^ ) (6 .66)
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and
1 dVqn r-rl r q
i l  (Of) Vgo(%) (6 .69)i f s O  W  ^  . 4r  d r
"0
Both o f  th e s e  e q u a t io n s  have been e v a lu a te d  n u m e r ic a l ly .  The 
two-body s c a t t e r i n g  c o e f f i c i e n t s ,  a r e  p l o t t e d  in  f i g u r e s  6 .1  to  6 .8 .
These q u a n t i t i e s  have been c a l c u l a t e d  from th e  o n - s h e l l  tw o-body n u c le o n -  
n u c leo n  s c a t t e r i n g  u s in g  th e  Gammel-Thaler p o t e n t i a l .  The p h a s e - s h i f t s
o b ta in e d  from f i t t i n g  th e  d a ta  have been red u ced  to  t h e  s c a t t e r i n g
— f5 ")c o e f f i c i e n t s  C w h i c h  a r e  a v a i l a b l e  i n  th e  p a p e r  by Kerman e t  a l  .
As can b e , s e e n  from F ig u re s  6 .1 ,  6 .2 ,  6 .5  and 6 .6  t h e  s c a t t e r i n g
'h
c o e f f i c i e n t s  f o r  156 MeV cover  th e  momentum t r a n s f e r  up to  th e
v a lu e  o = 2 .75 fm ^ , which i s  e q u iv a le n t  t o  8 = 7 1 .6 2 ° .  At 90 MeV,
th e  s c a t t e r i n g  c o e f f i c i e n t s  co v e r  up to  2 .1  fm” ^, which i s  e q u iv a le n t
to  6 = 7 6 .3 ° .  Hence, due t o  th e  inadequacy  o f  t h e  ran g es  covered  by
th e s e  c o e f f i c i e n t s  and th e  r e l i a b i l i t y  o f  F(o) which i s  o n ly  up to
z 2 .5  fm . (6 -  6 4 .2 ° ) ,  t h e  i n t e g r a t i o n  p ro c e d u re s  i n  e q u a t io n s
(6 .68) and (6 .69 )  a re  n o t  a d e q u a te .  In  f a c t ,  t o  com plete  th e
i n t e g r a t i o n s  t o  cove r  th e  e n t i r e  q -sp a c e  we need th e  above q u a n t i t i e s ,
C(c^) and F ( t j) ,  t o  co v e r  r e l i a b l y  up to  = 4 .7  fm  ^ f o r  156 MeV and
z  3 .14 fm  ^ f o r  90 MeV. However, i n  doing  th e s e  ty p e s  o f  c a l c u l a t i o n s  
(74)Ingem arsson e t  a l  app rox im ated  th e  v a lu e s  o f  C (^) beyond a c e r t a i n  
r e g io n  by an a n a l y t i c a l  f u n c t io n  o f  Saxon-Woods ty p e .  In ou r  case  we 
d id  n o t  in c lu d e  t h i s  ap p ro x im a tio n  f o r  th e  q v a lu e s  beyond th e  r e g io n  
g iven  by th e  n u c le o n -n u c le o n  s c a t t e r i n g  d a ta  and t h e r e f o r e ,  we would n o t  
e)q)ect th e s e  p o t e n t i a l s  to  y i e l d  agreem ent w i th  th e  d a ta  beyond 70°.
The fo r m - f a c to r s  and th e  s p i n - o r b i t  p o t e n t i a l s  a r e  as shown in  
F ig u re s  6 .9  t o  6 .1 6 .  The f o r m - f a c to r s  seem t o  have e i t h e r  Saxon-Woods 
shape o r  G aussian  shape .  To make th e  com parison w ith  t h e  phenom enolog ica l 
r e s u l t s  which so f a r  we have been u s in g  t h e  Saxon-Woods p a r a m e t r i s a t i o n ;
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t h i s  shape has  been assumed and b e in g  f i t t e d  to  th e  f o r m - f a c t o r s .  The 
r e s u l t s  o f  t h e s e  f i t t i n g s  a re  shown as d o t t e d  l i n e s  and c o n s id e re d  to  
be r e a s o n a b ly  good. The Saxon-Woods p a ra m e te rs  so o b ta in e d  a r e  l i s t e d  
i n  T ab le  6 .1 .  However, th e  r e s u l t i n g  f i t  t o  th e  p o t e n t i a l  ap p ea rs  t o
be l e s s  good. T h is  may i n d i c a t e  t h a t  th e  Saxon-Woods form i s  n o t  th e
a p p r o p r i a t e  shape fa v o u red  by th e  im p u lse .
One n o ta b l e  f e a t u r e  o f  t h e s e  p o t e n t i a l s  i s  t h a t  th e  im ag ina ry  
p a r t  i s  e x t re m e ly  s h a l lo w e r  th a n  t h e  r e a l  p a r t  and th e y  have s ig n s  s i m i l a r  
t o  th e  phenom eno log ica l r e s u l t s  o b ta in e d  p r e v io u s l y .  However, one t h i n g  
i n  which i t  d i f f e r s  from th e  c o n v e n t io n a l  phenom enolog ica l o p t i c a l  
p o t e n t i a l  i s  t h a t  th e  r e a l  p a r t  has  d i f f e r e n t  f o r m - f a c to r s  from th e  
im ag in a ry  p a r t  b e s id e s  th e  huge d i f f e r e n c e  i n  i t s  d e p th s .
These p o t e n t i a l s  have been  i n s e r t e d  i n t o  th e  S c h ro e d in g e r  
e q u a t io n  o f  C h ap te r  3 w ith  th e  c e n t r a l  p o t e n t i a l  o b ta in e d  e a r l i e r  from 
t h e  phenom eno log ica l a n a l y s i s .  We have c a l c u l a t e d  th e  d i f f e r e n t i a l  
c r o s s - s e c t i o n s  and p o l a r i s a t i o n s  a t  156 MeV and 90 MeV, b o th  u s in g  th e  
a v e ra g e  c e n t r a l  p o t e n t i a l  (deno ted  by AVKMT) and th e  b e s t - f i t  c e n t r a l  
p o t e n t i a l  (deno ted  by BFKMT). The com parison o f  t h e s e  c a l c u l a t i o n s  
and w i th  t h a t  o f  th e  e x p e r im e n ta l  d a ta  a r e  shown i n  F ig u re s  6 .1 7  to  6 .2 0 .  
The c a l c u l a t i o n s  a t  90 MeV have been  compared w ith  t h e  d a ta  a t  75 MeV 
due t o  th e  a v a i l a b i l i t y  o f  p o l a r i s a t i o n  d a ta  a t  t h i s  en e rg y .  But th e  
p o l a r i s a t i o n  r e s u l t s  ag ree  q u i t e  n i c e l y  w ith  t h e  e x p e r im e n ta l  r e s u l t s  
a t  sm all  a n g le s  and g iv e  th e  g e n e ra l  shape i n  agreem ent w ith  th e  d a t a .  
However, a t  b o th  e n e r g ie s  th e  d i f f e r e n t i a l  c r o s s - s e c t i o n s  c a l c u l a t e d  
u s in g  AVKMT and BFKMT p o t e n t i a l s  a r e  g e n e r a l l y  h ig h e r  th a n  th e  e x p e r im e n ta l  
r e s u l t s  a t  a l l  a n g le s .
6 .7  C onc lus ions
From th e  s t u d i e s  i n  t h i s  c h a p te r  on th e  f i r s t - o r d e r  o p t i c a l
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p o t e n t i a l  o b ta in e d  u s in g  im pu lse  a p p ro x im a tio n  we can conclude t h a t  th e  
Saxon-Woods p a r a m e t r i s a t i o n  o f  t h e  s p i n - o r b i t  f o r c e  may n o t  be ad eq u a te  
as a t  th e  m ic ro s c o p ic  l e v e l  th e  s u r f a c e -p e a k  form f a i l s  t o  show up.
F u r th e rm o re ,  d i f f e r e n t  f o r m - f a c t o r s ,  and p ro b a b ly  e n t i r e l y  
d i f f e r e n t  s h a p e s ,  a r e  needed f o r  t h e  r e a l  and im ag ina ry  p a r t s  o f  th e  
s p i n - o r b i t  p o t e n t i a l  as  i n d i c a t e d  by th e  im pu lse  c o n s id e r a t i o n .  This  
id e a  w i l l  be t e s t e d  i n  th e  phenom enolog ica l a n a l y s i s  in  th e  n e x t  c h a p te r .  
H o p e fu l ly ,  b e t t e r  f i t  to  th e  p o l a r i s a t i o n  d a t a  would be a c h ie v e d .
Table 6 . 1 :  S p i n - o r b i t  p a ra m e te rs  o b ta in e d  by f i t t i n g  Saxon-Woods
form to  th e  p o t e n t i a l  o b ta in e d  from im pu lse  ap p ro x im a tio n
p + p + IGo
156 MeV 90 MeV 156 MeV 90 MeV
rg^(fm ) 0 .926  0.9Q6 0.845 0.825
ag^Cfm) 0 .606 0 .622  0 .601  0.645
Ug^CMeV) 6 .09  6 .79  8 .11 9 .12
r ^ ( f m )  0 .939  1.026 0.845 0 .952
agjCfm) 0 .695 0.729 0 .699 0.724
WgpCMeV) -1 .2 5  - 1 .3 8  -1 .6 4  - 1 .8 2
FIGURES 6 .1  AND 6 .2  
R eal and im ag in a ry  p a r t s  o f  th e  tw o-body s c a t t e r i n g  
c o e f f i c i e n t s  f o r  th e  s p in - o r b i t  p a r t  a t  156 MeV w ith  
 ^ t a r g e t .
FIGURES 6 .5  AND 6 .4  
Same as F ig u re s  6 .1  and 6 .2  b u t a t  90 MeV w ith  
t a r g e t .
FIGURES 6 .5  AND 6 .6  
Same as F ig u re s  6 .1  and 6 .2  b u t  f o r  ^^0 t a r g e t .
FIGURES 6 .7  AND 6 .8  
Same as F ig u re s  6 .3  and 6 .4  b u t f o r  ^^0 t a r g e t .
FIGURES 6 .9  TO 6 .16  
The s p in - o r b i t  fo rm - fa c to r s  and p o t e n t i a l s .  The s o l id  
l i n e s  a re  th e  p o t e n t i a l s  o b ta in e d  from  im pulse  a p p ro x im a tio n  
and th e  d o t te d  l i n e s  as th e  r e s u l t s  o f  f i t t i n g  th e  p o t e n t i a l  
by Saxon-Woods form .
FIGURES 6 .1 7  TO 6 .20  ' '
Com parisons o f  f i t s  to  th e  d i f f e r e n t i a l  c r o s s - s e c t io n
and p o l a r i s a t i o n  d a ta  u s in g  v a r io u s  s p i n - o r b i t  p o t e n t i a l s :
av e ra g e  c e n t r a l  p a r t  w ith  th e  av e ra g e  4 -p a ra m e te r  s p i n - o r b i t  
fo rc e  (AV4), B e s t - f i t  p o t e n t i a l  (BF4), av erag e  c e n t r a l  w ith  
KMT s p i n - o r b i t  p a r t  (BFKMT).
F ig u re  6 .1 7 :The d i f f e r e n t i a l  c r o s s - s e c t io n  a t  156 MeV f o r  AVKMT, BFKMT 
and AV4.
F ig u re  6 .1 8 : The p o l a r i s a t i o n  a t  156 MeV f o r  AVKMT, BFKMT and AV4.
F ig u re  6 .1 9 : The d i f f e r e n t i a l  c r o s s - s e c t io n  a t  75 MeV f o r  AVKMT, BFKMT
and AV4.
F ig u re  6 .2 0 : The p o l a r i s a t i o n  a t  75 MeV f o r  AVKMT, BFKMT and AV4.
N ote t h a t  in  c a l c u la t in g  th e  KMT s p in - o r b i t  p o t e n t i a l s  
in  F ig u re s  6 .1 9  and 6 .2 0 , th e  p a ra m e te rs  u sed  a re  a t  90 MeV 
and b e in g  com pared to  th e  d a ta  a t  75 MeV.
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CHAPTER 7
THE SIX-PARAMETER MODEL OF SPIN-ORBIT FORCE
7.1 In t ro d u c t io n
In  th e  p re v io u s  c h a p te r s ,  t h a t  i s  c h a p te r s  4 and 5, we have used  
th e  fo u r -p a ra m e te r  model o f  th e  s p in - o r b i t  p o t e n t i a l  v h e re  th e  form s o f  
th e  r e a l  and th e  im ag in a ry  p a r t s  o f  th e  p o te n t i a l  a r e  c o n s tr a in e d  to  be  
e q u a l .  T h is  model h a s  been  used  in  m ost o f  th e  works on th e . 
phenom enolog ical c a l c u l a t i o n s  o f  t h i s  ty p e  u n t i l  now. B ut, so  f a r ,  m ost 
o f  th e  works co n ce rn  th e  low er en e rg y  r e g io n  in  which th e  s p in - o r b i t  
p o t e n t i a l  i s  r e a l  and h en ce , th e  need to  have d i f f e r e n t  shape fo r  th e  
im ag in ary  p a r t  does n o t a r i s e .
However, r e c e n t  t h e o r e t i c a l  works by B riev a  and Rook^^^^^ b ased  
on a n u c le a r  m a tte r  app roach  and by  Ingem arrson  e t .  a l^^^^  a t  180 MeV 
and a ls o  our work in  th e  l a s t  c h a p te r  u s in g  im pu lse  ap p ro x im a tio n  
r e q u i r e  t h a t  th e  s p in - o r b i t  p o t e n t i a l  sho u ld  be com plex and t h a t  th e  
im ag in a ry  p a r t  has a d i f f e r e n t  shape from t h a t  o f  th e  r e a l  p a r t .  
M oreover, th e  im pu lse  a p p ro x im a tio n  does n o t fav o u r th e  u se  o f  th e  
Saxon-Woods form  f o r  th e  im ag in ary  component o f  t h i s  p o t e n t i a l .
Our pu rp o se  now i s  to  a llo w  th e  r e a l  and th e  im ag in a ry  p a r t s  o f  
th e  s p i n - o r b i t  p o t e n t i a l  to  have d i f f e r e n t  fo rm - fa c to r s  and th e  
p a ram e te rs  o f  th e s e  p o t e n t i a l  com ponents w i l l  th e n  be o p tim iz e d  to  f i t  
th e  e x p e rim e n ta l a n g u la r  d i s t r i b u t i o n ,  p a r t i c u l a r l y  th e  p o l a r i s a t i o n  
d a ta .  H o p e fu lly  t h i s  m o d if ic a t io n  w i l l  g iv e  r i s e  to  a b e t t e r  f i t  to  
th e  p o l a r i s a t i o n  d a ta  and c o n se q u e n tly  th e  d i f f e r e n t i a l  c r o s s - s e c t io n s  
as w e l l .  This m o d if ic a t io n  i s  e s s e n t i a l l y  th e  c o u rse  o f  developm ent 
fo llo w ed  by th e  c e n t r a l  p a r t  o f  th e  p o te n t i a l  in  i t s  e a r ly  h i s t o r y .
The change is  p h y s ic a l ly  j u s t i f i a b l e  s in c e  each o f  th e  com ponents.
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r e a l  and im a g in a ry , r e p r e s e n t s  d i f f e r e n t  p h y s ic a l p r o c e s s e s .
F u rth e rm o re , th e  need  to  have p r e c i s e  s p i n - o r b i t  p a ram e te rs  
which f i t  th e  p o l a r i s a t i o n  d a ta  w e ll i s  im p o r ta n t in  th e  s tu d ie s  o f  
n u c le a r  r e a c t io n  c a l c u la t io n s  in v o lv in g  th e  p o la r i s e d  p r o to n s .  By 
making th e  r e a l  and im ag in ary  p a r t s  to  have d i f f e r e n t  fo rm - fa c to r s  we 
hope to  b e  a b le  to  g e t  much im proved s e t  o f  th e  s p i n - o r b i t  p a ra m e te rs .
T h is c h a p te r  w i l l  d e s c r ib e  th e  a n a ly s i s  o f  th e  d a ta  a t  156, 75 
and 49 MeV w hich have  th e  p o l a r i s a t i o n  d a ta  u s in g  th e  s ix -p a ra m e te r  
model o f  th e  s p i n - o r b i t  f o r c e .  A g e n e ra l fo rm u la  fo r  t h i s  p o t e n t i a l  
model w i l l  be d e r iv e d .  We w i l l  a l s o  d is c u s s  th e  e f f e c t s  and 
im p lic a t io n s  o f  t h i s  model in  r e l a t i o n  to  our e a r l i e r  s tu d ie s  and th e  
s tu d ie s  done by o th e r  w o rk e rs .
7 .2  The s ix -p a ra m e te r  model
In  t h i s  model th e  s p i n - o r b i t  p o te n t i a l  o f  e q u a tio n s  (3 .4 )  in  
c h a p te r  3 i s  re p la c e d  by
m e  r  d r
'' 7T
V go(r) + i  W gQ (r)|& .p  (7 .1 )
w here, each o f  th e  com ponents, r e a l  and im ag in a ry  p a r t s ,  h as  th e  Saxon- 
Woods fo rm - fa c to r .
'''sqW = "so + exp
^81
The r a d i a l  p a ram e te rs  and R^^, and th e  d i f fu s e n e s s  
p a ra m e te rs , a^^ and a^ ^ , have th e  u su a l d e f i n i t i o n s ,  and th e y  a r e  no 
lo n g e r  c o n s tr a in e d  to  be equ a l to  each o th e r .  In  o th e r  w ords, th e  r e a l
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and im ag in ary  p a r t s  o f  th e  s p i n - o r b i t  p o t e n t i a l  have now d i f f e r e n t  form - 
f a c t o r s ,  c o n t ra r y  to  th e  c o n v e n tio n a l d e f i n i t i o n .
We a re  now i n  a  p o s i t i o n  to  v a ry  th e s e  6 p a ra m e te rs  o f  th e  s p in -  
o r b i t  p o t e n t i a l ,  Ug^, Wg^, Rg^, a^ ^ , Rgj and ag ^ , so as to  a c h ie v e  
b e t t e r  f i t s  to  th e  d a ta  w hich have th e  p o l a r i s a t i o n  d a ta  i n  a d d i t io n  to  
th e  d i f f e r e n t i a l  c r o s s - s e c t io n  d a t a .  As e x p la in e d  e a r l i e r ,  t h i s  p a r t  
o f  th e  p o t e n t i a l  i s  r e s p o n s ib le  f o r  th e  re p ro d u c t io n  o f  th e  p o l a r i s a t i o n  
d a ta  and t h i s  m o d if ic a t io n  i s  in te n d e d  to  f a c i l i t a t e  th e  im provem ent 
in  th e  f i t  to  th e  p o l a r i s a t i o n  d a ta  and c o n se q u e n tly  th e  d i f f e r e n t i a l  
c r o s s - s e c t io n  d a t a .
The c e n t r a l  p a r t  o f  th e  p o t e n t i a l  w i l l  be k e p t f ix e d  a t  th e  
p re v io u s  v a lu e s ,  th e  b e s t - f i t  v a lu e s  and th e  av e ra g e  v a lu e s .  Only th e  
s ix  p a ra m e te rs  o f  th e  s p i n - o r b i t  p o t e n t i a l  w i l l  be v a r ie d  to  f i t  th e  
e x p e rim e n ta l d a ta  f o r  each  o f  th e  c e n t r a l  p o t e n t i a l .  We s t a r t  w ith  th e  
a v e ra g e  c e n t r a l  p o t e n t i a l  fo llo w ed  by th e  b e s t  f i t  p o t e n t i a l .  In  each 
o f  th e s e  c a s e s ,  th e  s t a r t i n g  p a ra m e te rs  f o r  th e  s p i n - o r b i t  p o t e n t i a l  
a re  th e  v a lu e s  o b ta in e d  from  im pu lse  ap p ro x im a tio n  o f  c h a p te r  6 and a t  
low er e n e rg ie s  th o s e  o f  phenom eno log ical v a lu e s .
7 .2 .1  The a v e ra g e  c e n t r a l  p o t e n t i a l
In  t h i s  s e c t io n  we w i l l  d e s c r ib e  th e  o p t i c a l  p o t e n t i a l  f i t  
o b ta in e d  by v a ry in g  th e  s ix -p a ra m e te r  s p i n - o r b i t  p a r t  w h ile  k eep in g  
th e  c e n t r a l  p a r t  a t  th e  a v e ra g e  v a lu e s  o b ta in e d  p r e v io u s ly ,
i )  156 MeV
S ta r t i n g  w ith  th e  v a lu e s  f o r  th e  s p i n - o r b i t  p o t e n t i a l  o b ta in e d  
from  th e  im pu lse  ap p ro x im a tio n  o f  th e  l a s t  c h a p te r ,  th e  s p i n - o r b i t  
p a ram e te rs  have been  s e a rc h e d  by f i t t i n g  b o th  th e  p o l a r i s a t i o n  as w e ll 
as th e  d i f f e r e n t i a l  c r o s s - s e c t io n  d a t a .  The p ro ced u re  fo llo w ed  i s  
e x a c t ly  th e  same as th e  one u sed  f o r  th e  c e n t r a l  p a r t  in  c h a p te r  4 .
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The r e s u l t s  f o r  th e  b e s t - f i t  p a ra m e te rs  o b ta in e d  by t h i s  in d ep en d en t 
f i t  to  th e  s i x  s p i n - o r b i t  p a ra m e te rs  a re  p re s e n te d  in  t a b l e  7 .1  and i t  
i s  d en o ted  by AV6.
The f i t  to  th e  p o l a r i s a t i o n  d a ta  i s  shown in  f ig u r e  7 .1  by th e  
d o t te d  l i n e .  I t  f i t s  th e  d a ta  n ic e ly  fo r  l a r g e r  a n g le s ,  from  ab o u t 
30° to  4 5 ° . The agreem ent betw een th e  c a lc u la te d  v a lu e s  and th e  
e x p e rim e n ta l d a ta  a t  sm a ll a n g le s  a r e  n o t  good. The fo rm er i s  low er 
th a n  th e  l a t t e r .
The f i t  to  th e  d i f f e r e n t i a l  c r o s s - s e c t io n  d a ta  i s  shown in
f ig u r e  7 .2 .  I t  i s  o b se rv ed  t h a t  by o p tim iz in g  th e  s p in - o r b i t
p a ram e te rs  th e  f i t  a t  mid a n g u la r  r e g io n  has been  im proved. The
im provem ent i n  th e  f i t  a t  t h i s  r e g io n ,  th e  second  d ip  in  th e
d i f f e r e n t i a l  c r o s s - s e c t io n ,  has been  n o te d  e a r l i e r  by o th e r  peo p le
u s in g  th e  fo u r -p a ra m e te r  s p in - o r b i t  f o r c e ,  f o r  in s ta n c e  Snow e t .
Fernbach e t .  a l^^^^^  and r e c e n t ly  by Ingem arsson  e t .  a l^^^^  and N adasen 
C9)e t .  a l  . This phenomena i s  l a r g e ly  due to  th e  in f lu e n c e  o f  th e  s p in -  
o r b i t  p o t e n t i a l  on o s c i l l a t i o n s  i n  th e  d i f f e r e n t i a l  c r o s s - s e c t io n .  The 
f i t  to  th e s e  d a ta  a t  sm a ll a n g le s  i s  n o t good due to  th e  d e f i c i e n c i e s  
in  th e  im ag in ary  c e n t r a l  p o t e n t i a l ,  w hich have been  d is c u s s e d  e a r l i e r ,
i i )  75 MeV
F o llo w in g  th e  same p ro ced u re  as above, we have th e  b e s t  
p a ra m e te r  f o r  th e  in d e p en d en t f i t  fo r  th e  s ix -p a ra m e te r  s p i n - o r b i t  
p o t e n t i a l .  There i s  much im provem ent to  th e  q u a l i t y  o f  f i t  com pared to  
th e  one o b ta in e d  by th e  u se  o f  av e ra g e  fo u r-p a ra m e te r  p o t e n t i a l  o b ta in e d  
e a r l i e r .  The p a ra m e te rs  a re  l i s t e d  in  t a b l e  7 .1  and d en o ted  by AV6.
The f i t  to  th e  p o l a r i s a t i o n  d a ta  i s  p re s e n te d  in  f ig u r e  7 .3  by th e  
d o tte d  l i n e .  The f i t  i s  good a t  sm a ll a n g le s  b u t s l i g h t l y  low er a t  4 5 ° .
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i i i )  49 MeV
A gain fo llo w in g  th e  above p ro c e d u re , we o b ta in e d  th e  b e s t  
in d e p en d en t f i t  p a ra m e te rs  f o r  th e  s p i n - o r b i t  p o t e n t i a l ,  s t a r t i n g  w ith  
th e  phenom eno log ical fo u r -p a ra m e te r  av e rag e  v a lu e s  o f  c h a p te r  5 . The 
r e s u l t i n g  v a lu e s  a r e  p re s e n te d  i n  t a b l e  7 .1  w ith  th e  name AV6. The f i t s  
to  th e  p o l a r i s a t i o n  d a ta  a re  shown i n  f ig u r e  7 .4 .
From th e  above a n a ly se s  i t  i s  found t h a t  th e  s ix -p a ra m e te r  model 
g iv e s  ex tre m e ly  sm a ll v a lu e s  o f  th e  d i f f u s e n e s s  p a ram e te rs  fo r  th e  r e a l  
p a r t  o f . t h e  s p i n - o r b i t  p o t e n t i a l  com pared w ith  th e  im ag in a ry  p a r t  o f
y2
th e  fo u r  p a ra m e te r  model a t  h ig h e r  e n e r g ie s .  The  ^ /N  v a lu e s  o b ta in e d  
u s in g  t h i s  model a re  g e n e ra l ly  much low er th a n  th e  av e ra g e  p o te n t i a l  
o b ta in e d  p r e v io u s ly .  H ence, th e  c o n t r ib u t io n s  o f  t h i s  p a r t  o f  th e  
p o t e n t i a l  to  th e  q u a l i ty  o f  f i t ,  a re  q u i t e  s u b s t a n t i a l .
In  o rd e r  to  in v e s t ig a t e  f u r t h e r ,  we a re  now u s in g  th e  b e s t - f i t  
p o te n t i a l  f o r  th e  c e n t r a l  p a r t  and r e p e a t in g  th e  p ro ced u re  o f  th e  
p re v io u s  s e c t i o n .
7 .2 .2  The b e s t - f i t  c e n t r a l  p o te n t i a l
This s e c t io n  d e s c r ib e s  th e  o p t i c a l  model f i t  to  th e  d i f f e r e n t i a l  
c r o s s - s e c t io n  and p o la r i s a t i o n  d a ta  fo r  p + by o p tim iz in g  th e  s i x  
p a ram e te rs  b u t  f ix in g  th e  c e n t r a l  p a r t  o f  th e  p o t e n t i a l  a t  t h e i r  b e s t -  
f i t  v a lu e s  w hich we have o b ta in e d  e a r l i e r  in  c h a p te r  4 .
i )  156 MeV
By k e e p in g  th e  c e n t r a l  p a r t  o f  th e  o p t i c a l  p o t e n t i a l  a t  i t s  b e s t -  
f i t  v a lu e s ,  th e  s p in - o r b i t  p a ra m e te rs  have been  o p tim iz ed  s t a r t i n g  w ith  
th e  v a lu e s  o b ta in e d  by  im pulse ap p ro x im atio n  o f  c h a p te r  6 .  The b e s t - f i t  
p a ra m e te rs  a t  t h i s  en e rg y  a re  p re s e n te d  in  t a b le  7 .1  and d en o ted  by  BF6. 
The f i t s  to  th e  p o l a r i s a t i o n  d a ta  a r e  shown in  f ig u r e  7 by  th e  s o l id  
1 i n e .
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We n o t ic e  t h a t  th e  f i t  a t  sm a ll a n g le s  i s  e x c e l l e n t  f o r  th e  
p o l a r i s a t i o n  d a ta  b u t  a t  l a r g e r  a n g le s  d e t e r i o r a t e  s l i g h t l y ,  b u t  s t i l l
f
re p ro d u c in g  th e  second minimum as b e f o r e .  The good q u a l i ty  o f  f i t  a t  
sm a ll a n g le s  i s  a s c r ib e d  to  th e  v a lu e s  o f  th e  c e n t r a l  p o t e n t i a l  which 
has been  d is c u s s e d  e a r l i e r  in  r e l a t i o n  to  th e  C oulom b-nuclear 
in t e r f e r e n c e  r e g io n .
A gain we o b ta in e d  h e re  th e  v a lu e  o f  a^^  w hich i s  r e l a t i v e l y  
s m a ll ,  ab o u t 0 .2  fm. To check th a t  t h i s  i s  th e  v a lu e  c o rre sp o n d in g  to
y2
th e  minimum  ^ /N  v a lu e ,  w ith o u t any o th e r  minimum v a l l e y s ,  th e  p lo t s  o f
y2
/N  a g a in s t  a^^  f o r  s e v e r a l  v a lu e s  o f  th e  r e a l  p o t e n t i a l  d e p th , UgQ 
k eep in g  rg ^  a t  i t s  b e s t  v a lu e  a re  p r e s e n te d . This can be o b serv ed  i n  
f ig u r e  7 .5 .  I t  i s  c l e a r  t h a t  th e  v a lu e  a t  0 .2 5 4  fm i s  th e  b e s t  v a lu e  
c o rre sp o n d in g  to  th e  t r u e  minimum v a l l e y .  The c o n v e n tio n a l v a lu e  a t
l a r g e r  m agnitude i s  n o t  j u s t i f i e d  b ecau se  i t  w i l l  c o rre sp o n d  to  th e
^SR
y2
la r g e r  v a lu e s  o f   ^ /N . Hence, th e  a^^ v a lu e  has been  unam biguously
d e te rm in e d .
i i )  75 MeV
A gain th e s e  d a ta  g iv e  ex tre m e ly  sm a ll v a lu e  o f  ag^ as can  be seen
in  t a b le  7 .1  d en o ted  by th e  name BF6. The f i t  to  th e  p o l a r i s a t i o n  d a ta
i s  shown in  f ig u r e  7 .3  by th e  s o l id  l i n e .  The f i t  to  th e se  d a ta  i s  good
a t  a lm o st a l l  a n g le s ,  b u t  on th e  w hole th e  q u a l i t y  o f  f i t  i s  o n ly  s l i g h t l y
b e t t e r  th a n  th e  b e s t  in d e p e n d e n t f i t  u s in g  fo u r -p a ra m e te r  m odel.
i i i )  49 MeV
F o llo w in g  th e  same p ro ced u re  as above, b u t  s t a r t i n g  w ith  th e  
p a ram e te rs  a t  phenom eno log ical v a lu e s  we o b ta in  th e  r e s u l t i n g  
p a ra m e te rs  i n  t a b le  7 .1  w ith  th e  name BF6. The q u a l i t y  o f  f i t  i s  s l i g h t l y  
b e t t e r  th a n  th e  fo u r -p a ra m e te r  m odel. The f i t  to  th e  p o l a r i s a t i o n  d a ta  
i s  shown in  f ig u r e  7 .4 .
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One th in g  we n o t ic e  i s  t h a t  th e  v a lu e  o f  a^^ h as  been  pushed to  
a  v e ry  sm a ll v a lu e  o f  l e s s  th a n  0 .1  fin. To check th e  u n iq u e n ess  o f
y2
t h i s  v a lu e  we have p lo t t e d  th e  /N  v a lu e  a g a in s t  a g j a t  t h i s  energy  
f o r  v a r io u s  v a lu e s  o f  . This i s  p re s e n te d  in  f ig u r e  7 .6 .  I t  i s
y2
o b se rv ed  t h a t  th e  minimum /N  v a lu e s  can be o b ta in e d  fo r  a^^ < 0 .1  fin 
o r  a g j > 1 .5  fin. F u rth e rm o re , th e  cu rv es  do n o t show d e f i n i t e  tr e n d s  
o f  minimum v a l le y s  f o r  each  v a lu e  o f  Wg^. We c o n s id e r  t h i s  a g j v a lu e  
f o r  th e  b e s t - f i t  as u n p h y s ic a l ,  b eca u se  e i t h e r  we g e t  an ex tre m ely  
s h a rp ly  peaked p o t e n t i a l  o r  v e ry  b ro ad  o n e . Hence, t h i s  p a ra m e te r , a g j 
can  n o t be u n iq u e ly  d e te rm in e d .
y 2
We have a l s o  p lo t t e d  th e  /N  a g a in s t  Wg  ^ fo r  th e  v a lu e  o f  a g j
r e a s o n a b ly  cho sen  a t  0 .6  fm, w hich i s  th e  average  v a lu e  a t  h ig h e r
'so
y2 i
e n e r g ie s .  We found th a t  f o r  a  minimum /N , te n d s  to  z e ro , as can  be
y 2
seen  in  f ig u r e  7 .7 .  By p l o t t i n g  th e  v a lu e s  o f  /N a g a in s t  rg ^  f o r  a 
f a i r l y  sm a ll v a lu e  o f  Wg  ^ and a g a in  u s in g  a 'r e a s o n a b le ' v a lu e  o f  a g j we
y 2
o b ta in e d  cu rv e  in  f ig u r e  7 .8 .  I t  i s  o bserved  t h a t  th e  minimum ^ /N  
v a lu e  a t  Vg^ = 0 .6  fm i s  a f a l s e  one and t h a t  th e  ' t r u e '  minimum i s  
s i t u a t e d  somewhere beyond 1.5  fm w hich we c o n s id e r  as u n p h y s ic a l .  H ence, 
we conclude  t h a t  th e  Wg^Cr) i s  n o t  we11-d e te rm in e d  a t  t h i s  e n e rg y .
F ig u re  7 .9  shows th e  e f f e c t  o f  f i t t i n g  th e  p o l a r i s a t i o n  d a ta  a t  
49 MeV by u s in g  th e  r e a l  s p in - o r b i t  component o n ly .  I t  can be seen  t h a t  
th e  f i t  i s  o f  com parable q u a l i t y  to  t h a t  w ith  th e  co u p lex  s p i n - o r b i t  
p o t e n t i a l .  In  th e  ca se  o f  av erag e  c e n t r a l  p o t e n t i a l  b e in g  u se d , th e  f i t  
i s  b e t t e r .
H ence, a t  49 MeV th e  im ag in a ry  component o f  th e  s p i n - o r b i t  fo rc e  
i s  n o t im p o r ta n t .  I t  can be ta k e n  to  be zero  o r  an e x tre m e ly  sm all 
v a lu e .  However, th e  r e a l  p a r t  i s  u n iq u e ly  d e te rm in e d  and h e n c e , th e  
need fo r  th e  s p i n - o r b i t  p o t e n t i a l  a t  t h i s  en erg y  i s  j u s t i f i e d .
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y2
This can  be seen  from f ig u r e s  7 .1 0  to  7 .1 2  f o r  th e  p lo t s  o f  /N  a g a in s t  
i t s  r e a l  p a r t  o f  th e  s p i n - o r b i t  p o t e n t i a l  p a ra m e te r s .
To se e  th e  form s o f  th e  r e a l  and im ag in a ry  p a r t s  o f  th e  jsp in - 
o r b i t  p o t e n t i a l ,  we have p lo t t e d  th e  p o t e n t i a l  in  f ig u r e s  7 .1 3  and 7.14 
fo r  th e  156 MeV and 75 MeV. I t  i s  c l e a r  t h a t  th e y  have d i f f e r e n t  form - 
f a c to r s  and c o n se q u e n tly  d i f f e r e n t  s h a p e s . The r e a l  p a r t  i s  a s h a rp ly -  
peaked p o t e n t i a l  and th e  im ag in a ry  p a r t  does n o t show t h i s  s u r f a c e -  
peaked a p p e a ra n c e .
7 .3  A verage s ix -p a ra m e te r  s p i n - o r b i t  p o te n t i a l
The p a ra m e te rs  o f  th e  s ix -p a ra m e te r  s p i n - o r b i t  p o t e n t i a l  
c o rre sp o n d in g  to  BF6 have been  p lo t t e d  i n  f ig u r e s  7 .15 to  7 .1 7 . The 
energy -dependence  o f  th e  s iz e  p a ra m e te r  i s  s l i g h t .  However, we have 
f i t t e d  th e  p o in ts  and o b ta in e d  th e  en e rg y  dependence o f  th e  av e ra g e  
p o te n t i a l  w hich i s  g iv e n  b e lo w .
The r e a l  p a r t  o f  th e  s p i n - o r b i t  p o t e n t i a l  can be rep ro d u ced  q u i te
w e ll by
UgQ = 3 .81  - 0 .019  MeV
rg_ = 0 .5 8 3  + 0.00274 E^ fm
ag^ -  0 .225  fm
(7 .2 )
T h is  p o t e n t i a l  w i l l  y i e ld  th e  sh a rp ly -p e a k e d  p o t e n t i a l  as shown in  
f ig u r e  7 .2 2 . This r e p r e s e n ta t io n  p r e d ic t s  t h a t  Ug^ goes to  o r  th ro u g h  zero  
a t  E^ 'b 200 MeV, a lth o u g h  we have no j u s t i f i c a t i o n  fo r  assum ing t h a t  t h i s  
l i n e a r  dependence h o ld s  o u ts id e  th e  energ y  r e g io n  we have s tu d ie d .
The im ag in a ry  p a r t  o f  th e  s p i n - o r b i t  p o t e n t i a l  can  be f i t t e d  by th e  
fo rm u lae  :
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Wgo = - 4 . 0  + 10.85 exp (-  0.0205 E^) MeV^
Tgj = 1 .83  -  0 .00645 E^ fin
Egj = 0 .594  + 0.000616 fm
(7 .3 )
The f i t s  to  th e  p o in t s  o b ta in e d  from th e  a n a ly s e s  a r e  shown as 
th e  d o t t e d  l i n e  i n  f i g u r e s  7 .16  and 7 .1 7 .  The f i t s  to  th e  d i f f e r e n t i a l  
c r o s s - s e c t i o n  and p o l a r i s a t i o n  d a t a  u s in g  th e s e  fo rm ulae  and th e  average  
fo rm ulae  o f  s e t  B a r e  shown i n  f i g u r e s  7 .18  to  7 .2 1 .  The f i t s  a r e  
r e a s o n a b ly  good.
In  f i g u r e  7 .22  we have p l o t t e d  th e  r e a l  s p i n - o r b i t  p o t e n t i a l s  o f  
Average 506 a t  50 , 100 and 150 MeV t o g e th e r  w ith  th e  r e a l  c e n t r a l  
p o t e n t i a l  n o rm a l is e d  to  -4 .5  MeV a t  r  = 0 .  I t  i s  ob se rv ed  t h a t  th e  r e a l  
s p i n - o r b i t  p o t e n t i a l  i s  peaked w e l l  i n s i d e  ( th e  h a l f -w a y  r a d iu s  o f  
th e  c e n t r a l  r e a l  p o t e n t i a l ) .
However, t h e  im ag inary  s p i n - o r b i t  p o t e n t i a l  always has  a  volume 
form. Hence, th e  t o t a l  e f f e c t s  o f  th e  r e a l  and im ag inary  components o f  
th e  o p t i c a l  p o t e n t i a l  on th e  s c a t t e r i n g  p ro c e s s  a re  d i f f e r e n t  as  w i l l  
be d i s c u s s e d  l a t e r .
Table 7 .2  shows th e  volume i n t e g r a l s ,  ro o t-m e a n -sq u a re  r a d i i  and 
p ro d u c ts  o f  th e  volume i n t e g r a l  and d i f f u s e n e s s  p a ram e te r  f o r  th e  r e a l  
and im ag in a ry  s p i n - o r b i t  p o t e n t i a l s . I t  i s  o b se rv ed  t h a t  th e  t h r e e  
q u a n t i t i e s  (Jg^ , and <rg^>^) fo r  th e  r e a l  s p i n - o r b i t  BF6
p o t e n t i a l  show c o n s t a n t  v a lu e s  as a  f u n c t io n  o f  e n e rg y .  Whereas th e  
im ag in a ry  p a r t  o f  BF6 th e  v a lu e s  <rg2>z ^ re  c o n s t a n t ,  e x c e p t  a t  49 MeV 
where we have i n d i c a t e d  e a r l i e r  t h a t  th e  p a ram e te rs  a re  n o t  w e l l -  
d e f in e d .  The v a lu e s  o f  Jg^ and Jg^&gi i n c r e a s e  i n  s t r e n g t h  as  th e  
energy  i n c r e a s e s .
For th e  AV6 p o t e n t i a l ,  t h e  m agnitude o f  J g j  and J g j 2.gj show
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s i m i l a r  t r e n d  as u s u a l  ( i n c r e a s in g  n u m e r ic a l ly  as th e  ene rgy  in c r e a s e s )  
The v a lu e s  o f  can  be ta k e n  t o  be c o n s t a n t  w i th  e n e rg y .  <rgQ>2
can  be r e g a rd e d  as i n c r e a s i n g  s lo w ly  w ith  en e rg y .  For t h e  c a se  o f  
dgR^sR, i t  seems to  d e c re a se  w ith  en e rg y .  The m agnitudes o f  do n o t  
show any t r e n d  a t  a l l .
S in ce  th e  v a lu e s  o f  th e  above q u a n t i t i e s  a r e  f o r  t h e  t h r e e  
i n c id e n t  e n e r g ie s  o n ly ,  t h e  c o n c lu s io n s  r e g a r d in g  t h e i r  t r e n d s  can  n o t  
be ta k e n  to  be d e f i n i t e .  I f  more v a lu e s  a r e  a v a i l a b l e ,  th e  t r e n d  m i ^ i t  
change as a r e s u l t .
In  th e  c a s e  o f  av e rag e  506 p o t e n t i a l ,  t r e n d s  o f  t h e  q u a n t i t i e s  
d i s c u s s e d  above a re  as shown i n  f i g u r e s  7 .23  and 7 .2 4 .
7 .4  The e f f e c t  o f  a s p i n - o r b i t  p o t e n t i a l
The n u c l e a r  p o t e n t i a l  a f f e c t i n g  th e  p a r t i a l  wave can  be 
w r i t t e n  i n  th e  form
Re V^(r) = - f ( r )  + F  3 F  [ V s o ( r ) ] { -  (7 -4 )
IM V±(r) = - [WygyCT) -  Wpgp(r)] + [W goW ] { -  (7 .5 )
where th e  s u p e r s c r i p t s  ± co rre sp o n d  to  j  = &±g, r e s p e c t i v e l y .  S in c e ,  
we have e s t a b l i s h e d  t h a t ,
l ^ C : )  < 0r  d r
! F  a ?  Wso(r) > 0
Hence, we may w r i t e
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r-k y 1
r  d rRe V "(r)  = -  £ ( r )  -
Im V ^ ( r )  = - [W^gyCr) + W^g^Cr)] +
a
-  (&+1)
f-k u 1 ^so
I v J r dr
z
-  (A+l)
The e f f e c t  o f  th e  above p o t e n t i a l s  i n  term s o f  Fermi model i s
w ell-know n (63) For j=&+5 , t h e  Re V» ( r)  becomes more a t t r a c t i v e  i n
th e  s u r f a c e  r e g io n  and ex ten d s  to  a  l a r g e r  r a d iu s  R^ > R^ which
c o n s e q u e n t ly  i n c r e a s e s  th e  r e a l  phase  s h i f t ,  6^ . The im ag in a ry
s p i n - o r b i t  p a r t  weakens th e  m agnitude o f  V^^^r) i n  th e  s u r f a c e  
r e g io n ,  th u s  r a i s i n g  th e  r e f l e c t i o n  c o e f f i c i e n t  •
For j= ^ - J  th e  e f f e c t s  a r e  i n  th e  o p p o s i te  d i r e c t i o n .  These 
e f f e c t s  o f  UgQ on 6“ and WgQ on |n “ | a r e  a lm o s t  c o m p le te ly  d eco u p led :
UgQ a lm ost e x c l u s i v e ly  cau ses  th e  s p l i t t i n g  o f  r e a l  phase  s h i f t s  w i th o u t  
a f f e c t i n g  | n ^ | ,  w h ile  WgQ a lo n e  i s  r e s p o n s ib l e  f o r  t h e  s p l i t t i n g  o f  |n * |  
w i th o u t  a f f e c t i n g  th e  r e a l  phase  s h i f t s .
So, i n  th e  Fermi model we have and e x p e c t  Re < Re q~
+ — +
and t h a t  L > L , where L a re  th e  c r i t i c a l  a n g u la r  momenta f o r  th e  
t r a n s i t i o n  from minimum to  maximum v a lu e s  o f  Re . The e s s e n t i a l  
a ssum ption  o f  t h i s  model i s  t h a t  th e  s p i n - o r b i t  p o t e n t i a l  i s  s u r f a c e - 
peaked and th e  peaks a r e  c lo s e  to  h a l f -w a y  r a d iu s  R^ o f  th e  r e a l  c e n t r a l  
p o t e n t i a l .
B ut, i n  our c a se  th e  r e a l  s p i n - o r b i t  p o t e n t i a l  i s  peaked a  lo n g  
way i n s i d e  R^ and th e  im ag inary  s p i n - o r b i t  p a r t  has  a volume b e h a v io u r
and hen ce ,  even f o r  a r e l a t i v e l y  sm all  v a lu e s  o f  Z which a r e  im p o r ta n t
in  such a l i g h t  n u c le u s .  Re V ^-(r )  and Im V^“ (r )  a r e  d r a m a t i c a l l y  
d i f f e r e n t  from each o t h e r  and from th e  c e n t r a l  p a r t s .  Hence, th e  u s u a l  
Fermi model o f  th e  phenomenon o f  p o l a r i s a t i o n c a n  n o t  be u sed  to  
e l u c i d a t e  o u r  r e s u l t s .  This can be seen  from f ig u r e  7.25 where ou r  
s p i n - o r b i t  p o t e n t i a l s  (BF6 and BF4) show t h a t  Re q^ > Re q~ and < L"
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i n  c o n t r a d i c t i o n  t o  e x p e c ta t io n s  from th e  Fermi m odel. The main change 
be tw een  th e  v a lu e s  o b ta in e d  w i th  p o t e n t i a l s  BF4 and BF6 i s  th e  enhanced 
d i f f e r e n c e  betw een Re and Re w ith  | -  L” | i n c r e a s i n g  from one 
u n i t  t o  two.
In  f i g u r e  7 .26  we o b se rv e  t h a t  a t  49 MeV |q ^ |  -  |q ^ |  o v e r  a  ran g e  
o f  v a lu e s  o f  Z due to  th e  sm a l l  im ag in a ry  s p i n - o r b i t  te rm , b u t  th e  
d i f f e r e n c e  i s  i n c r e a s i n g  as th e  im ag inary  s p i n - o r b i t  component i s  
i n c r e a s e d  ( a t  h ig h e r  e n e r g i e s ) . The e f f e c t  i s  g r e a t e r  f o r  BF6 p o t e n t i a l  
th a n  BF4 a t  h ig h e r  e n e r g i e s . B ut, 6^ > 6^ due to  th e  r e a l  te rm , as can 
be seen  i n  f ig u r e  7 .2 5 .
The b e h a v io u r  o f  th e  r e f l e c t i o n  c o e f f i c i e n t s  can  be u n d e rs to o d  i n  
te rm s o f  th e  b e h a v io u r  o f  th e  c l a s s i c a l  tu r n i n g  p o i n t .  The t u r n i n g  
p o in t  r^  f o r  th e  p a r t i a l  wave i s  d e f in e d  th ro u g h  th e  r e l a t i o n ,
+ Re + C7.6)
f o r  v a r io u s  v a lu e s  o f  £ . At 50 MeV, th e  d i f f e r e n c e s  i n  Re V . ^ ( r )Z, t o t
and Re V^”^ ^ ^ ( r )  ap p ea r  o u ts id e  th e  c l a s s i c a l  tu r n i n g  p o i n t  o n ly  f o r  
Z < 4 and th e  d i f f e r e n c e s  o ccu r  where Im V^ ^ ^ ^ ( r )  i s  l a r g e s t  as  can  be 
seen  i n  f i g u r e  7 .2 8 .  At 156 MeV, th e  d i f f e r e n c e s  betw een Re V ^^^^^(r)  
and Re V  ^ ^ ^ ^ ( r )  ap p ea r  o u t s id e  th e  c l a s s i c a l  tu r n i n g  p o i n t  f o r  £ <: 8 
as shown in  f i g u r e  7 .2 8 .  Except f o r  £=1, th e  d i f f e r e n c e  betw een 
Im V^*^Q^(r) and Im V  ^ ^ ^ ^ ( r )  i s  more s i g n i f i c a n t  th e n  th e  d i f f e r e n c e  
between Re V^*^Q^(r) and Re V^ ^ ^ ^ ( r )  b o th  i n  m agnitude and i n  e x t e n t  
i n  c o n f i g u r a t i o n  s p a c e .
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7.5 C onclusions
From o u r  a n a l y s i s  i t  has  been  found t h a t  th é  need f o r  d i f f e r e n t  
shapes  and d i f f e r e n t  e n e rg y  dependence o f  t h e  r e a l  and im ag in a ry  p a r t  
o f  th e  s p i n - o r b i t  p o t e n t i a l  i s  j u s t i f i e d .  The im ag in a ry  s p i n - o r b i t  
p o t e n t i a l  has a volume form w ith  th e  p a ra m e te rs  h a v in g  r a t h e r  
c o n v e n t io n a l  v a l u e s . The r e a l  s p in  o r b i t  p o t e n t i a l  i s  s u r fa c e -p e a k e d  
and p eaks  q u i t e  a  lo n g  way i n s i d e  th e  r e a l  c e n t r a l  p o t e n t i a l .
In  ou r s ix - p a r a m e te r  s p i n - o r b i t  p o t e n t i a l  model, th e  r e a l  
d i f f u s e n e s s  a^^^ has  a v a lu e  o f  c o n s i s t e n t l y  o f  th e  o r d e r  o f  0 .2  fm and 
th e  im ag in a ry  d i f f u s e n e s s  a^^ has a  v a lu e  q u i t e  s i m i l a r  to  t h e  c e n t r a l  
p a r t ,  which i s  s l i g h t l y  l a r g e r  th a n  th e  c o n v e n t io n a l  v a l u e s .  On the  
o th e r  hand ,  i n  th e  fo u r -p a r a m e te r  model th e  d i f f u s e n e s s  a^ i s  o f  th e  
o r d e r  o f  0 .2  fm a t  low er e n e r g i e s ,  where th e  im ag ina ry  s p i n - o r b i t  p a r t  
i s  n o t  im p o r ta n t ,  and a b o u t 0 .4  t o  0 .5  fm a t  h ig h e r  e n e r g i e s .  The 
v a lu e s  o b ta in e d  by o th e r  w orkers  a re  a l s o  s i m i l a r ,  as can be s e e n  i n  
t a b l e  7 .3 ,  where th e  fo u r -p a ra m e te r  model p a ra m e te rs  f o r  th e  s p i n - o r b i t  
p o t e n t i a l  o b ta in e d  by us and by Ingem arsson e t .  a l  and Fannon e t .  a l  
a r e  shown. Hence, we conclude  t h a t  th e  v a lu e s  o f  ag^ and ag j  a re  
d i f f e r e n t  and t h a t  a t  h ig h e r  e n e r g i e s ,  th e  v a lu e  o f  ag r e p r e s e n t s  a 
compromise betw een th e  r e q u i r e d  v a lu e s  o f  ag^ and a g j .
We have a l s o  found t h a t  th e  im ag in a ry  s p i n - o r b i t  p o t e n t i a l  i s  n o t  
im p o r ta n t ,  i t  i s  sm a l l  o r  z e ro ,  i n  th e  ene rgy  r e g io n  'V/ 49 MeV, 
p a r t i c u l a r l y  i f  th e  c e n t r a l  p o t e n t i a l  i s  o p t im iz e d .  In  f a c t ,  Kobos 
and M a c k i n t o s h f o u n d  t h a t  th e  im ag in a ry  s p i n - o r b i t  p o t e n t i a l  f o r  
p + ^^0 changes s ig n  betw een 45 and 50 Mev i n  a d i r e c t i o n  which i s  
c o n s i s t e n t  w ith  o u r  r e s u l t s .
Our r e a l  s p i n - o r b i t  p o t e n t i a l  s t r e n g t h  d im in ish e s  more r a p i d l y  
w ith  ene rgy  th a n  th e  r e a l  c e n t r a l  p o t e n t i a l  one, as can  be seen  from
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e q u a t io n s  (7 .2 )  and ( 5 . 2 ) .  The t r e n d  o f  r^^^ i s  i n c r e a s i n g  and r ^ j  i s  
d e c r e a s in g  w ith  en e rg y  which i s  c o n s i s t e n t  w ith  t h e  p r e d i c t i o n  o f  th e  
in p u l s e  ap p ro x im a tio n  o f  th e  p re v io u s  c h a p t e r ,  b u t  th e  b eh a v io u r  o f  
o th e r  p a ra m e te rs  i s  n o t .  In  any c a s e ,  th e  c a l c u l a t i o n s  u s in g  im pulse  
a p p ro x im a tio n  i s  a u s e f u l  means o f  p r e d i c t i n g  th e  s t a r t i n g  v a lu e s  f o r  
rgR, Tgj and a ^ j  i n  th e  h ig h e r  energy  r e g io n  where we may e x p e c t  t h i s  
ap p ro x im a tio n  to  have r e a s o n a b le  v a l i d i t y .
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T able  7 .3 :  V alues o b ta in e d  i n  b e s t  f i t s  to  p ro to n  s c a t t e r i n g  from
w ith  a 4 -p a ra m e te r  s p i n - o r b i t  p o t e n t i a l  (BF4).
The v a lu e s  g iven  f o r  156 MeV were u sed  a t  a l l  e n e rg ie s  
in  th e  ave rage  p o t e n t i a l  (AV4)
(MeV)
^SO
(MeV)
^^ SO
(fm)
^SO
(fm)
%2/N R eference
185 3 .63 -3 .0 9 0 .870 0 .463 3.82 (74)Ingem arsson e t  a l ^
156 2.06 -2 .2 7 0.948 0.492 25 .0 This  work
75 2.79 -1 .7 1 0.872 0.540 11.88 tt It
49 2.79 0 0 .716 0.222 28.6 It It
49 4 .8 3 0 0 .67 0.21 'Y, 22 Fannon e t  a l^^^^
F ig u re  7 . 1 : The b e s t  in d e p en d en t f i t  t o  th e  p o l a r i s a t i o n  d a t a  f o r  p +
e l a s t i c  s c a t t e r i n g  a t  156 MeV u s in g  th e  s ix - p a r a m e te r  s p in -  
o r b i t  p o t e n t i a l .  The d o t t e d  l i n e  was o b ta in e d  by keep ing  
th e  c e n t r a l  p a r t  a t  th e  average  v a lu e s  and h as  been deno ted  
by AV6. The s o l i d  l i n e  was o b ta in e d  by u s in g  th e  b e s t - f i t  
p a ra m e te rs  o b ta in e d  p r e v io u s l y  and has  been deno ted  by BF6.
F ig u re  7 . 2 : The f i t  t o  th e  d i f f e r e n t i a l  c r o s s - s e c t i o n  d a t a  f o r  p +
a t  156 MeV. The d o t t e d  l i n e  was o b ta in e d  by in d e p en d en t 
f i t  t o  th e  d i f f e r e n t i a l  c r o s s - s e c t i o n  and p o l a r i s a t i o n  d a ta  
u s in g  s ix - p a r a m e te r  s p i n - o r b i t  p o t e n t i a l  b u t  k eep in g  th e  
c e n t r a l  p a r t  a t  th e  av e ra g e  v a lu e s  (AV6). The s o l i d  l i n e  
i s  th e  r e s u l t  u s in g  th e  average  f o u r -p a r a m e te r  o p t i c a l  
p o t e n t i a l  o b ta in e d  p r e v io u s l y  (AV4) and i s  g iven  f o r  
com parison  to  show th e  improvement i n  th e  second d ip  o f  
th e  d i f f e r e n t i a l  c r o s s - s e c t i o n .
F ig u re  7 . 5 : The b e s t  in d e p en d en t f i t  t o  th e  p o l a r i s a t i o n  d a t a  f o r  p + 
e l a s t i c  s c a t t e r i n g  a t  75 MeV u s in g  t h e  s ix - p a r a m e te r  s p in -  
o r b i t  p o t e n t i a l .  The d o t t e d  l i n e  was o b ta in e d  u i s n g  th e  
a v e ra g e  c e n t r a l  p o t e n t i a l  and o p t im is in g  th e  s p i n - o r b i t  
p a r a m e te r s .  The s o l i d  l i n e  was o b ta in e d  u s in g  th e  b e s t - f i t  
c e n t r a l  p o t e n t i a l  (BF6).
F ig u re  7 . 4 : The b e s t  in d e p en d en t f i t  to  th e  p o l a r i s a t i o n  d a t a  f o r  p +
a t  49 MeV u s in g  th e  s ix - p a r a m e te r  s p i n - o r b i t  p o t e n t i a l .  The 
d o t t e d  l i n e  was o b ta in e d  u s in g  th e  av e rag e  c e n t r a l  p o t e n t i a l  
and s e a r c h in g  f o r  b e s t  v a lu e s  o f  th e  s p i n - o r b i t  p a ra m e te r s  
(AV6). The s o l i d  l i n e  was o b ta in e d  u s in g  t h e  b e s t - f i t  
c e n t r a l  p o t e n t i a l  (BF6).
F igu re  7 . 5 : The p l o t s  o f  x^/N v a lu e s  a g a i n s t  a^^  f o r  v a r io u s  v a lu e s
■ ' '2
o f  UgQ a t  156 MeV. The v a lu e  o f  Vg^ i s  h e ld  a t  i t s  b e s t  
v a lu e .  The minimum x^/N co rresp o n d s  to  t h e  b e s t  v a lu e  
o f U s Q .
F igu re  7 . 6 : The p l o t s  o f  x ^ N  v a lu e s  a g a i n s t  a g j  f o r  v a r io u s  v a lu e s  o f
WgQ a t  59 MeV. The v a lu e  o f  T g j i s  b e i n g ’h e ld  a t  i t s  b e s t
v a lu e  o f  0 .629 f m . .
F igu re  7 . 7 : The p l o t  o f  xVN v a lu e s  as a fu n c t io n  o f  WgQ a t  49 MeV.
The v a lu e  o f  T g j,  and a g j  i s  a t  t h e  average  v a lu e s  a t  h ig h e r
e n e rg ie s  which we c o n s id e r  as r e a s o n a b le .
F igu re  7 . 8 : The p l o t  o f  x^/N v a lu e s  a g a i n s t  Vgj f o r  v a r io u s  v a lu e s  o r  r g j  
a t  49 MeV. We ta k e  th e  v a lu e  o f  WgQ as sm all  ( a c c o rd in g  to  
• f i g u r e  7 .7 )  and a^^ as  ' r e a s o n a b le * .  C onsequen tly ,  th e  
minimum a t  r g j  = 0 . 6  i s  a f a l s e  one.
F igu re  7 . 9 : The f i t s  to  th e  p o l a r i s a t i o n  d a ta  a t  49 MeV, u s in g  BF6 ( s o l i d  
l i n e )  and AV6 (d o t te d  l i n e )  by p u t t i n g  th e  im ag inary  
component, WgQ(r) equal to  ze ro .
FIGURES 7.10 TO 7.12
The p l o t s  o f  v a r io u s  x^/N v a lu e s  a g a i n s t  th e  r e a l  
p a ram e te rs  o f  th e  s p i n - o r b i t  p o t e n t i a l  a t  49 MeV to  show 
t h e i r  u n iq u e n ess .
F igu re  7 . 13 :The p l o t s  o f  s ix -p a r a m e te r  s p i n - o r b i t  p o t e n t i a l  a t  156 MeV 
f o r  AV6 and BF6 p o t e n t i a l s .
F igu re  7 .1 4 :The p l o t s  o f  s ix -p a r a m e te r  s p i n - o r b i t  p o t e n t i a l  a t  75 MeV 
f o r  AV6 and BF6 p o t e n t i a l s .
FIGURES 7.15 TO 7 .17
The p l o t s  o f  th e  s ix - p a r a m e te r s  s p i n - o r b i t  p o t e n t i a l  
p a ra m e te rs  f o r  th e  b e s t  in d e p en d en t f i t s  to  b o th  th e  d i f f e r e n t i a l  
c r o s s - s e c t i o n  and p o l a r i s a t i o n  d a t a .  The c e n t r a l  p o t e n t i a l s  
a re  f i x e d  a t  t h e i r  b e s t - f i t  v a lu e s  o b ta in e d  in  C hap te r  4.
The d o t t e d  l i n e s  a r e  th e  f i t s  t o  th e s e  p o in t s  u s in g  th e  
av e ra g e  fo rm ulae  o f  S e c t io n  7 .3 .
FIGURES 7.18 TO 7.21
The f i t s  to  th e  e x p e r im e n ta l  d a t a  u s in g  t h e  av e rag e  
fo rm ulae  o f  S e c t io n  7 .3  and th e  av e ra g e  fo rm ulae  o f  C hap te r  5 
f o r  th e  c e n t r a l  p a r t .  The com bination  o f  th e s e  fo rm ula  i s  
a s s ig n e d  th e  name Average S06.
FIGURE 7.22
The b eh a v io u r  o f  r e a l  p a r t  o f  t h e  av e rag e  S06 p o t e n t i a l  
w i th  en e rg y ,  compared w ith  th e  r e a l  c e n t r a l  p o t e n t i a l .
FIGURE 7 .23
The b e h a v io u r  o f  t h e  r e a l  q u a n t i t i e s  o f  av e ra g e  S06 
p o t e n t i a l  - Jg ^ ,  Jg ^  agj^ and <r2^>z -  w ith  ene rgy .
FIGURE 7.24
The b eh a v io u r  o f  th e  im ag in a ry  q u a n t i t i e s  o f  av e ra g e  
SO6 p o t e n t i a l  - J g ^ ,  Jg^ ag j  and <rgj>^ - w i th  ene rgy .
FIGURE 7.25
The r e f l e c t i o n  c o e f f i c i e n t s  as  a f u n c t io n  o f  th e  p a r t i a l  
waves a t  156 MeV f o r  BF4 and BF6 p o t e n t i a l s .
FIGURE 7.26
The modulus o f  th e  r e f l e c t i o n  c o e f f i c i e n t s  as a  f u n c t i o n  
o f  th e  p a r t i a l  waves a t  49 MeV,. 75 MeV and 156 MeV f o r  BF4 
and BF6 p o t e n t i a l s .
FIGURES 7 .27  AND 7.28 
The p l o t s  o f  th e  t o t a l  p o t e n t i a l s  o f  e q u a t io n  (7 .6 )  v e rsu s  
th e  p a r t i a l  waves a t  50 MeV and 156 MeV f o r  th e  av e rag e  506 
p o t e n t i a l  and th e  av e rag e  c e n t r a l  p o t e n t i a l .
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CHAPTER 8 
SUMMARY AND CONCLUSIONS
We h a v e  p r e s e n t e d  a d e t a i l e d  a n a l y s i s  o f  t h e  o p t i c a l  m od e l  
p o t e n t i a l  f o r  e l a s t i c  s c a t t e r i n g  o f  p r o t o n  on ^^C and  l^O. The c e n t r a l  
p o t e n t i a l  t h a t  we h a v e  o b t a i n e d  i s  s i m p l e r  and  a b l e  t o  g i v e  a f a i r  
d e s c r i p t i o n  o f  t h e  d i f f e r e n t i a l  c r o s s - s e c t i o n  d a t a  f o r  p r o t o n  s c a t t e r i n g  
on l i g h t  n u c l e i  i n  t h e  e n e r g y  r a n g e  50  t o  160  MeV. The s i x - p a r a m e t e r  
m o d e l  o f  o u r  s p i n - o r b i t  p o t e n t i a l  h a s  d i f f e r e n t  s h a p e s  f o r  t h e  r e a l  and  
i m a g i n a r y  c o m p o n e n ts  w i t h  t h e  v o lu m e  fo rm  f o r  t h e  i m a g i n a r y  p a r t  and  
t h e  s u r f a c e - p e a k e d  fo rm  f o r  t h e  r e a l  p a r t .  H ow ever  a t  a r o u n d  49  MeV t h e  
im a g i n a r y  c o m p o n en t  o f  t h i s  s p i n - o r b i t  p o t e n t i a l  i s  n e g l i g i b l y  s m a l l  o r  
c a n  b e  t a k e n  t o  b e  a b s e n t .  In  g e n e r a l ,  t h e  p o l a r i s a t i o n  d a t a  c a n  b e  
a d e q u a t e l y  r e p r o d u c e d  b y  o u r  s p i n - o r b i t  p o t e n t i a l .
By w h at  we h a v e  o b t a i n e d ,  i t  i s  c l e a r  t h a t  t h e  p h e n o m e n o l o g i c a l  
o p t i c a l  m od e l c a n  s u f f i c i e n t l y  d e s c r i b e  t h e  e l a s t i c  s c a t t e r i n g  o f  p r o t o n  
on l i g h t  n u c l e i  a t  i n t e r m e d i a t e  e n e r g y  r e g i o n ,  a t  l e a s t  f o r  t h e  c l o s e d -  
s h e l l  n u c l e i  s u c h  a s  and  ^^0. We h a v e  o b t a i n e d  t h e  a v e r a g e d  
p o t e n t i a l  w h ic h  d e p e n d s  on e n e r g y  and a p a r t  fro m  t h e  m ass d e p e n d e n c e  o f  
t h e  r a d i a l  p a r a m e t e r s  t h e  f o r m - f a c t o r s  f o r  t h e  c e n t r a l  p o t e n t i a l  a r e  
i n d e p e n d e n t  o f  e n e r g y .  H e n c e ,  t h e  d e p e n d e n c e  on e n e r g y  a r i s e s  o n l y  
fro m  t h e  c e n t r a l  p o t e n t i a l  d e p t h s .  S i m i l a r l y ,  t h e  s p i n - o r b i t  p o t e n t i a l  
i s  d e p e n d e n t  on t h e  i n c i d e n t  p r o j e c t i l e  e n e r g y  b u t  i n  t h i s  c a s e  t h e  
f o r m - f a c t o r s  a r e  n o  l o n g e r  i n d e p e n d e n t  o f  e n e r g y ,  i n  a d d i t i o n  t o  
d e p e n d e n c e  o f  t h e  r a d i a l  p a r a m e t e r s  on t h e  t a r g e t  m ass n u m b e r s .
We c o n c l u d e  t h a t  o u r  p o t e n t i a l  c a n  c o n f i d e n t l y  b e  u s e d  t o  
g e n e r a t e  t h e  d i s t o r t e d  w a v e s  i n  n u c l e a r  r e a c t i o n  c a l c u l a t i o n s  i n v o l v i n g  
p r o t o n  and  l i g h t  t a r g e t  n u c l e i  i n  t h e  e n e r g y  r a n g e  we h a v e  c o n s i d e r e d .
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A p a r t  fr o m  t h i s ,  t h e  i n t r i n s i c  i n t e r e s t  i n  t h e  s c a t t e r i n g  o f  p r o t o n s  
on l i g h t  n u c l e i  i t s e l f  c a n  f a c i l i t a t e  t h e  c o m p a r i s o n  o f  o u r  work w i t h  
t h e  m ore f u n d a m e n t a l  t h e o r y  o f  t h e  o p t i c a l  p o t e n t i a l  s t a r t i n g  fro m  t h e  
n u c l e o n - n u c l e o n  i n t e r a c t i o n .  F o r  i n s t a n c e ,  m o s t  o f  t h e  o p t i c a l  m odel  
c a l c u l a t i o n s  i n v o l v e  h e a v i e r  t a r g e t  n u c l e i  an d  h e n c e  t h e  f i n e r  d e t a i l s  
o f  t h e  p o t e n t i a l  f o r  t h e s e  n u c l e i  h a v e  b e e n  a d e q u a t e l y  e x p l o r e d .  So  
f a r ,  c o m p a r i s o n  o f  t h e  m i c r o s c o p i c  c a l c u l a t i o n s  w i t h  t h e  p h e n o m e n o l o g i c a l  
r e s u l t s  a s  l i g h t  a s  h a s  b e e n  c o n s t a n t l y  a v o i d e d ,  u s u a l l y  t h e  ^°Ca o r  
s o m e t im e s  ^^0 i s  c o n s i d e r e d  l i g h t  e n o u g h .  H e n c e ,  o u r  r e s u l t s  on  l i g h t  
n u c l e i  a p p e a l  t o  s u c h  c o m p a r i s o n  s o  t h a t  m ore p h y s i c a l  i n s i g h t  i n t o  t h e  
o p t i c a l  p o t e n t i a l  o f  n u c l e o n  on t a r g e t  n u c l e i ,  w h ic h  i n v o l v e  d i f f e r e n t  
m e c h a n ism  fro m  t h e  h e a v i e r  t a r g e t s  d u e  t o  i t s  s t r u c t u r e ,  w i l l  b e  a c h i e v e d .
The a v e r a g e  p o t e n t i a l  w i t h  i t s  s i x - p a r a m e t e r  s p i n - o r b i t  p a r t  h a d  
b e e n  f u r t h e r  t e s t e d  b y  c o m p a r in g  i t s  p r e d i c t i o n s  w i t h  d a t a  on p r o t o n
s c a t t e r i n g  fro m  ^Be, ^^B an d  F or  ^Be, a g r e e m e n t  w i t h  t h e  a v a i l a b l e
/
d i f f e r e n t i a l  c r o s s - s e c t i o n s  an d  t h e  t o t a l  r e a c t i o n  c r o s s - s e c t i o n s  i n  t h e  
e n e r g y  r a n g e  1 0 0  -  160  MeV i s  g o o d .  F o r  ^^B, a g r e e m e n t  w i t h  t h e  1 
d i f f e r e n t i a l  c r o s s - s e c t i o n  a t  100  MeV i s  q u i t e  g o o d  b u t  a t  155 MeV t h e r e  
a r e  d i s c r e p a n c i e s  i n  b o t h  d i f f e r e n t i a l  c r o s s - s e c t i o n  and  p o l a r i s a t i o n  
i n  t h e  a n g u l a r  r a n g e  3 5 °  -  5 5 ° .  F o r  a g r e e m e n t  w i t h  t h e  new
d i f f e r e n t i a l  c r o s s - s e c t i o n  d a t a  fro m  I n d i a n a  a t  144  MeV i s  e x c e l l e n t ,  
a g r e e m e n t  w i t h  t h e  d i f f e r e n t i a l  c r o s s - s e c t i o n s  a t  1 0 0  and  155 MeV i s  n o t  
s o  g o o d  b u t  t h e  p o l a r i s a t i o n  a t  155  MeV i s  s a t i s f a c t o r y .  A t 49  MeV 
a g r e e m e n t  w i t h  t h e  p o l a r i s a t i o n  i s  v e r y  g o o d  up t o  6 0 °  and i s  i n  a c c o r d  
w i t h  t h e  g e n e r a l  t r e n d  o f  t h e  d a t a  a l l  t h e  way o u t  t o  1 6 0 ° .  The  
d i f f e r e n t i a l  c r o s s - s e c t i o n  i s  s y s t e m a t i c a l l y  u n d e r e s t i m a t e d  b u t  t h e  s h a p e  
i s  s a t i s f a c t o r y  o u t  t o  1 3 0 ° .
H e n c e ,  o u r  a v e r a g e  p o t e n t i a l  i s  a b l e  t o  s u c c e s s f u l l y  d e s c r i b e  t h e
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s c a t t e r i n g  o f  p r o t o n s  fro m  l i g h t  n u c l e i ,  a s  l i g h t  a s  ^B e. S o ,  t h e  
a b i l i t y  t o  r e p r o d u c e  t h e  ^^0 d a t a  u s i n g  t h e  a v e r a g e  p o t e n t i a l  o b t a i n e d  
fro m  t h e  a n a l y s i s  o f   ^^  d a t a  c a n n o t  b e  a s c r i b e d  t o  t h e i r  a l p h a  c l u s t e r  
s t r u c t u r e s , a s  o u r  a v e r a g e  p o t e n t i a l  w o rk s  a s  w e l l  f o r  n o n - a l p h a  
s t r u c t u r e  n u c l e i  s u c h  a s  ^Be, ^^B and  a s  h a s  b e e n  d e s c r i b e d  a b o v e .  
H o w e v e r ,  t h e  p o s s i b l e  c o n t r i b u t i o n s  from  t h e  a l p h a  c l u s t e r  s t r u c t u r e  t o  
t h e  p  + e l a s t i c  s c a t t e r i n g  h a s  b e e n  d on e  s e m i - c l a s s i c a l l y  b y  B o n e t t i  
et  a l (122).
The i n t e r p r e t a t i o n  o f  o u r  a v e r a g e  p o t e n t i a l  i n  t e r m s  o f  a l p h a  
p a r t i c l e  s t r u c t u r e  o f  and ^^0 i s  q u i t e  a p p e a l i n g  i n  v i e w  o f  t h e  f a c t  
t h a t  t h e  r e s u l t s  o f  a n a l y s i s  on g i v e  s t r i k i n g  a g r e e m e n t  t o  t h e  f i t s  
f o r  ^^0 and t h e  r e a l  s p i n - o r b i t  p a r a m e t e r s  a^^ i s  o f  t h e  o r d e r  o f  0 . 2  fm ; 
w h ic h  i s  s i m i l a r  t o  t h e  ^He c a s e ^ ^ ^ ^ .  H o w e v e r ,  b y  t e s t i n g  o u r  p o t e n t i a l  
on  n o n - a l p h a  l i k e  t a r g e t  d i s p r o v e s  t h i s  c o n n e c t i o n .
A p a r t  from  t h e  p o s s i b l e  a l p h a  c l u s t e r  c o n t r i b u t i o n  t o  t h e  p r o t o n
r i22^
s c a t t e r i n g  on l i g h t  n u c l e i ^  , t h e  c o n t r i b u t i o n  fro m  b a c k  c o u p l i n g  o f
t h e  d e u t e r o n  p i c k - u p  c h a n n e l i s  q u i t e  s u b s t a n t i a l  i n  v i e w  o f  t h e  work
a t  l o w e r  e n e r g y .  T h i s  d e u t e r o n  p i c k - u p  e f f e c t  h a s  b e e n  shown b y
M a c k in t o s h  and  C o r d e r o a n d  M a c k in t o s h  an d  Kobos^^^^^ t o  b e  r e p r e s e n t e d
p h e n o m e n o l o g i c a l l y  b y  an £ - d e p e n d e n t  c o m p le x  p o t e n t i a l .  But a t  h i g h e r
(2)7')
e n e r g i e s  C o n f o r t  an d  Karp^  ^ h a v e  shown t h a t  t h e  b a c k  c o u p l i n g s  fro m  
( p , d )  c h a n n e l s  h a v e  h a d  an en orm ou s im p a c t  o n  t h e  i m a g i n a r y  co m p o n e n t  o f  
t h e  o p t i c a l  p o t e n t i a l .  H o w ev er ,  t h e  e f f e c t s  o f  a l l  b a c k  c o u p l i n g  d e c r e a s e  
w i t h  e n e r g y .  H e n c e ,  we b e l i e v e  t h a t  b y  i n c l u d i n g  t h e s e  e f f e c t s ,  a p a r t  
fr o m  t h e  e x c h a n g e  e f f e c t ,  ca n  f u r t h e r  im p r o v e  t h e  f i t s  t o  t h e  e x p e r i m e n t a l  
d a t a .  F u r t h e r m o r e ,  t h e  n u c l e a r  s t r u c t u r e  e f f e c t  c a n  b e  i n c o r p o r a t e d  i n t o  
t h e  e x p r e s s i o n  f o r  t h e  a v e r a g e  p o t e n t i a l  u s i n g  t h e  i s o s p i n  t e r m ,  t .  T , o f  
Lane^^^^^ w h ic h  i s  c a l l e d  n u c l e a r  sym m etry  t e r m  i n  o r d e r  t o  f i t  t h e  p r o t o n  
s c a t t e r i n g  on  n o n - c l o s e d  s h e l l  n u c l e i .  By i n c l u d i n g  t h i s  t e r m  a s  w e l l
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a s  t h e  t e r m  d ue  t o  t h e  Coulomb c o r r e c t i o n  i n  o u r  p o t e n t i a l  c a n  f u r t h e r  
g e n e r a l i s e  t h e  v a l i d i t y  o f  b u r  p o t e n t i a l .
Our p h e n o m e n o l o g i c a l  o p t i c a l  m o d e l  a n a l y s i s  i s  a  s i n g l e  o n e  i n  
t h e  s e n s e  t h a t  a l l  t h e  n o n - e l a s t i c  c h a n n e l s  a r e  lum ped  t o g e t h e r  i n  t h e  
i m a g i n a r y  p a r t  o f  t h e  p o t e n t i a l .  So t h e  i m a g i n a r y  p a r t  o f  t h e  p o t e n t i a l  
i s  r i c h  w i t h  t h e  i n f o r m a t i o n  c o n c e r n i n g  t h e  r e a c t i o n s  i n v o l v e d  i n  t h e  
i n t e r a c t i o n  p r o c e s s e s  a s  w e l l  a s  t h o s e  o f  n u c l e a r  s t r u c t u r e .  I t  i s  
n o t  s u r p r i s i n g  t h a t  t h e  d i f f e r e n c e  i n  t h e  f i t s  t o  t h e  d i f f e r e n t i a l  
c r o s s - s e c t i o n  d a t a  u s i n g  o u r  a v e r a g e  and p a r t i c u l a r  p o t e n t i a l s  a ro u n d  
t h e  n u c l e a r - C o u l o m b  i n t e r f e r e n c e  r e g i o n  a l m o s t  e n t i r e l y  d u e  t o  t h e  
i m a g i n a r y  c e n t r a l  p o t e n t i a l .
The r a d i a l  p a r a m e t e r s ,  r ^  an d  r ^ ,  o f  o u r  c e n t r a l  p o t e n t i a l  h a v e  
r a t h e r  u n c o n v e n t i o n a l  v a l u e s  w i t h  r ^  > r ^ .  B ut t h i s  c h o i c e  o f  p a r a m e t e r  
v a l u e s  i s  c l e a r l y  i n d i c a t e d  b y  o u r  i n d e p e n d e n t  f i t s  a t  m o s t  e n e r g i e s .
H o w e v e r ,  we h a v e  tw o  fo rm s  o f  t h e  i m a g i n a r y  c e n t r a l  p o t e n t i a l .
One o f  th em  i s  t h e  c o n s t a n t  v o lu m e  form  a t  a l l  i n c i d e n t  e n e r g i e s  and  
t h e  o t h e r  i s  more c o m p a t i b l e  w i t h  t h e  P a u l i  e x c l u s i o n  e f f e c t ,  w h ic h  i s  
i n c r e a s i n g  i n  d e p t h  w i t h  t h e  i n c i d e n t  e n e r g i e s  an d  c h a n g i n g  s h a p e s  fro m  
v o lu m e  fo rm  a t  h i g h e r  e n e r g i e s  and s u r f a c e - p e a k e d  fo r m  a t  l o w e r  e n e r g i e s .
The c a l c u l a t i o n  o f  t h e  s p i n - o r b i t  p o t e n t i a l  u s i n g  t h e  m eth o d  o f  
i m p u l s e  a p p r o x i m a t i o n  g i v e s  q u i t e  a  u s e f u l  s t a r t i n g  v a l u e  f o r  t h e  
f o r m - f a c t o r s  i n  t h e  h i g h e r  e n e r g y  r e g i o n  w h e r e  we e x p e c t  t h i s  a p p r o x i m a t i o n  
t o  h a v e  r e a s o n a b l e  v a l i d i t y .  H o w e v e r ,  t h e  f i t s  t o  t h e  d a t a  u s i n g  t h e  
p o t e n t i a l  c a l c u l a t e d  fro m  t h e  i m p u l s e  a p p r o x i m a t i o n  and t h e  f i r s t - o r d e r  
m u l t i p l e  s c a t t e r i n g  t h e o r y  o f  Kerman e t  a l^ ^^  do n o t  p r o d u c e  a s  g o o d  
a s  t h e  f i t  o b t a i n e d  fr o m  o u r  a v e r a g e  p o t e n t i a l .  H o w e v e r ,  c a l c u l a t i o n s  
u s i n g  t h e  Kerman e t  a l a p p r o a c h  g i v e s  n o  s u p p o r t  f o r  t h e  u s e  o f  t h e  
Thomas fo rm  o f  t h e  s p i n - o r b i t  p a r t .  The sam e c o n c l u s i o n  i n  t h i s  r e s p e c t
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h a s  a l s o  b e e n  a r r i v e d  a t  b y  I n g e m a r s s o n  e t  a l  a t  1 8 0  .
I n d e e d ,  g o o d  f i t  t o  t h e  p o l a r i s a t i o n  d a t a  e n t a i l s  t h e  u s e  o f  
t h e  p r e c i s e  fo r m  o f  t h e  s p i n - o r b i t  p o t e n t i a l .  The u s e  o f  o u r  s i x -  
p a r a m e t e r  m o d e l  f o r  t h e  s p i n - o r b i t  p o t e n t i a l  h a s  im p r o v e d  t h e  f i t s  
r e s u l t i n g  i n  d i f f e r e n t  s h a p e s  f o r  i t s  c o m p o n e n ts .  As a  b y - p r o d u c t ,  
t h e  im p r o v e d  f i t  t o  t h e  s e c o n d  minimum i n  t h e  m i d - a n g u l a r  r e g i o n  i s  
a c h i e v e d  a s  a r e s u l t .  T h i s  s e n s i t i v i t y  o f  t h e  m i d - a n g u l a r  r e g i o n  t o  
t h e  s p i n - o r b i t  p o t e n t i a l  h a s  b e e n  n o t e d  b y  I n g e m a r s s o n  e t  a l^^^^ and  
N a d e so n  e t  a l^^^  r e c e n t l y .  H o w e v e r ,  t h e r e  a r e  i n d i c a t i o n s t h a t  
t h e  i m a g i n a r y  s p i n - o r b i t  p o t e n t i a l  c h a n g e s  s i g n  a t  t h e  e n e r g i e s  a ro u n d  
5 0  MeV and b e c o m e s  p o s i t i v e  a t  l o w e r  e n e r g i e s .  T h i s  i s  i n  a g r e e m e n t  
w i t h  o u r  f i n d i n g  a t  a r o u n d  50  MeV d a t a .
In  c o n c l u s i o n ,  we w o u ld  l i k e  t o  rem ark t h a t  t h e  p r o t o n  s c a t t e r i n g  
i s  o f  f u n d a m e n t a l  i m p o r t a n c e  i n  n u c l e a r  p h y s i c s .  C l e a r  u n d e r s t a n d i n g  
o f  t h i s  i n t e r a c t i o n  i s  n e c e s s a r y  b e c a u s e  upon  i t  t h e  f i r m  f o u n d a t i o n  o f  
n u c l e a r  p h y s i c s  i s  b u i l t .  Any u n c e r t a i n t i e s  i n  t h e  u n d e r s t a n d i n g  o f  
e l a s t i c  s c a t t e r i n g  m u st  p r o p a g a t e  i n t o  a l l  a p p l i c a t i o n s  o f  t h i s  and  
more c o m p le x  r e a c t i o n s ,  s u c h  a s  t h e  e x t r a c t i o n  o f  n u c l e a r  s t r u c t u r e  
i n f o r m a t i o n  and h e a v y - i o n s  i n t e r a c t i o n s .  I t  i s  a  p i t y ,  t h e r e f o r e ,  
t h a t  t h e  s t u d y  o f  t h e  p r o t o n  e l a s t i c  s c a t t e r i n g  i s  b e i n g  h a m p ered  b y  t h e  
l a c k  o f  p r e c i s i o n  d a t a  a t  s u f f i c i e n t  e n e r g y ,  a n g u l a r  and  m ass  r a n g e s  b o t h  
f o r  c r o s s - s e c t i o n  and p o l a r i s a t i o n ,  t h a n  b y  a n y  o t h e r  f a c t o r s .  By 
h a v i n g  more p r e c i s e  d a t a  we h o p e  f u r t h e r  p r o g r e s s  i n  t h i s  a s p e c t  c o u l d  
b e  a c h i e v e d .
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APPENDIX
A l : F o x -G o o d w in  F o rm u la
The F o x -Q o o d w in  f o r m u l a i s
L h2  ^ ' L Sh^l f, h2 ]
.  ■ Ï2  ^1, = . ' " 6 . ^0 ^0 - Ï 2  -1,
y _ l  + A ( A l . l )
w h e r e
A =
240
1 66 + 13
1 5 1 2 0 0 ( A 1 .2 )
i s  t h e  e r r o r .  W r i t i n g  t h e  r a d i a l  S c h r o e d i n g e r  e q u a t i o n s  [ 3 . 2 5 ]  an d  
( 3 . 2 6 )  i n  t h e  fo rm
dr%
y ( r ^ )  = f ( r ^ ) y ( r ^ ] ( A 1 . 3 )
a t  i ^ ^  p o i n t .  F or  c o n v e n i e n c e  we w r i t e  y ( r ^ )  = y ^ .  h  i s  t h e  s t e p - l e n g t h ,  
The a l g o r i t h m  t o  s o l v e  ( A 1 .3 )  i s  a s  f o l l o w s .  G iv e n  t h e  f u n c t i o n  
a t  ( i - 2 ) t h  an d  ( i - l ) t h  s t e p s ,  we o b t a i n
( A 1 .4 )
w h ere
H e n c e ,  F o x -G o o d w in  f o r m u la  b e c o m e s
5h
( A 1 .5 )
S in ce
^ i- 1  . ^ i - 1 / .
1 - 1
F i n a l l y  we h a v e
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« i =
2 + fi-1 S i - 1
* 1-1
h-2
( A l .  6 ]
E q u a t io n  ( A l . 6 )  i s  u s e d  i t e r a t i v e l y  s t a r t i n g  fro m  t h e  o r i g i n  
o u tw a r d  t o  a  p o i n t  b e y o n d  t h e  n u c l e a r  f i e l d .
T h i s  m eth o d  i s  t h e  m o s t  s u i t a b l e  b e c a u s e  o f  t h e  a b s e n c e  o f  t h e  
f i r s t  d e r i v a t i v e  an d  o n e  o f  t h e  m o s t  r a p i d  o n e s .
A 2 : Coulomb f u n c t i o n s  and P h a s e  S h i f t s
Coulomb p h a s e  s h i f t s  a r e  c o n v e n i e n t l y  c a l c u l a t e d  from  t h e  
r e c u r r e n c e  r e l a t i o n
= ^ £+ i Ct ) -  t a n ' l
Y
&+1 ( A 2 .1 )
and t h e  a s y m p t o t i c  e x p a n s i o n
o%(Y) = a [ £ + | ]  + Y [ l o g B - l ]  + j
s i n  3a s i n  5a  s i n  7a s i n  9a -n+   -    +   -   + . . .  )
3 6 0  $2 1 2 6 0 6 4  1 6 8 0  6^ 118 8  6® J
( A 2 .2 )
w h e r e
a = t a n - 1 1+1 and  6 = { y  + ( 1 + 1 )^ }
2-12
The r e g u l a r  Coulomb f u n c t i o n  was c a l c u l a t e d  b y  M i l l e r ’ s  M eth o d .  
T h i s  m eth o d  s e t  F , ( k r )  = 0 ,  a F ( k r )  = e w h e r e  1 i s  an  i n t e g e r  > 1 ,
J. X/ iTi3>X
a i s  a  c o n s t a n t  t o  b e  d e t e r m i n e d  and e i s  a  v e r y  s m a l l  n u m ber . U s i n g  
t h e  r e c u r r e n c e  r e l a t i o n
2 a. 0 2 i 2
= (21+1) Y 11(1+1) kr F J k r ) (A2.3)
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A l l  t h e  a F ^ ( k r ) ’ s  down t o  a F^Ckr) c a n  b e  c a l c u l a t e d .  The c o n s t a n t  
a w as fo u n d  from  t h e  W ro n sk ia n
FQ (kr)G pC kr) -  F ^ ( k r ) G ' ( k r )  = 1 ( A 2 .4 )
w h e r e  F^Chr) w as fo u n d  fro m  t h e  r e c u r r e n c e  r e l a t i o n
Y + ^+1
1+1 k r
2 i l
F ^ ( k r )  -  F ' ( k r )  = ( k r ) (A 2 .5 )
and GpCkr) and  G^Ckr) w e r e  c a l c u l a t e d  u s i n g  t h e  e x p r e s s  i o n
G L [kr) = s  C o s ( -Y  In  2 k r  + k r  + a „ )  -  t  s in (-Y  ^n 2 k r  + k r  + a . )
G ^ fk r )  = S C o s ( - Y  Ln 2 k r  + k r  + Qq) -  T s in (-Y  I n  2 k r  + a^)
w h e r e
( A 2 .6 )
25
s  = I  s
n=0
n
25
t =  I  t
n=0 n
25
s = I s
n=0
n
25
T = I  T
n=0
n
The num ber o f  t e r m s  i n  t h e  sum w as fo u n d  t o  b e  a d e q u a t e a n d  
t h e  i n d i v i d u a l  t e r m s  w e r e  c a l c u l a t e d  fro m  t h e  r e c u r r e n c e  r e l a t i o n
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_ (2n+l)Y s Y^-n(n+1) t
n+1 “2kr(n+l) 2kr(n+l)
 ^ (2n+l)Y t  Y^ -nCn+l) s
n+1 2 k r ( n + l )  2 k r ( n + l )
= (2n+l)Y S Y^-n(n+l) T
’n+1 2kr(n+l) 2kr(n+l)
= ( 2 n + l ) Y  T Y^-nÇn+1) S
n+1 2 k r ( n + l )  2 k r ( n + l )
- n+1
kr
-  n+1
I r
( A 2 .7 )
w i t h  t h e  i n i t i a l  v a l u e s
Y  y ^ - Y ^
=0 = 1 ’ =1 = 2 k ?  : = o —
The su m m a t io n s  s a t i s f y  t h e  r e l a t i o n
sT  -  S t  = 1 ( A 2 .8 )
As r  i n c r e a s e s  t h e  c o n v e r g e n c e  o f  t h e s e  s e r i e s  i m p r o v e s ,  and  
a c c u r a t e  r e s u l t s  a r e  o b t a i n e d  f o r  r  s u b s t a n t i a l l y  g r e a t e r  t h a n  r^ .^
A3: C h i - s q u a r e d  M i n i m i z a t i o n
The s e t s  o f  o p t i c a l  m o d e l  p a r a m e t e r s  w h ic h  o p t i m i z e  t h e  f i t s
t o  e x p e r i m e n t a l  d a t a  w e r e  o b t a i n e d  b y  m i n i m i z i n g  f u n c t i o n  d e f i n e d  b y
e q u a t i o n s  ( 3 . 5 8 )  and ( 3 . 5 9 ) .  M i n i m i z a t i o n  p r o c e s s  i s  a c h i e v e d  b y  t h e
f l O Q )
m eth o d  o f  s t e e p e s t  d e s c e n t ^  v  I t  c o n s i s t s  o f  t h r e e  p h a s e s :  
e x p l o r a t i o n ,  d e s c e n t  and  t e r m i n a t i o n .
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L e t  t h e  t h e o r e t i c a l  a n g u l a r  d i s t r i b u t i o n s  b e  f u n c t i o n s  o f  n  
p a r a m e t e r s  p ^ ,  p g ,  p ^ ,  . p^ r e p r e s e n t e d  b y  a  v e c t o r  f  i n  t h e  
n - d i m e n s i o n a l  p a r a m e t e r  s p a c e .  In  t h e  (n + 1 )  -  d i m e n s i o n a l  s p a c e  o f  
and f  t h e  f u n c t i o n
= F ( f ) ( A 3 .1 )
g e n e r a t e s  a h y p e r s u r f a c e .  E q u a t i o n  ( A 3 .1 )  i s  e s s e n t i a l l y  t h e  same  
a s  e q u a t i o n  ( 3 . 5 8 ) .  Our o b j e c t i v e  i s  t o  l o c a t e  a  p o i n t  f  a t  w h ic h  
F h a s  a  minimum.
We a p p r o x im a t e  t h e  t h e o r e t i c a l  a n g u l a r  d i s t r i b u t i o n  b y  t h e  
f i r s t - o r d e r  T a y l o r  e x p a n s i o n
o % ( f )  = o ^ ( f ) y «p
fO '  i : i  fO
( A 3 .2 )
w h e r e
f  = f "  + 6 f ( A 3 .3 )
A t t h e  minimum p o i n t ,  t h i s  r e l a t i o n  i s  s a t i s f i e d
a F ( f )
8p, = 0 ,  ( i = l ,  2 ,  . . . ,  n)
t h a t  i s
( A 3 .4 )
3 F _  ( f )  
3  p ^
+ y ' l i l _ ( f )  
fO a P j S P i
( A 3 .5 )
A g a in  we h a v e  a p p r o x im a t e d  t h e  f u n c t i o n  F ( f )  b y  F ( f )  u s i n g  t h e  
f i r s t - o r d e r  T a y l o r  s e r i e s .
S i n c e ,
9^F ( f )
9Pj, .0 N A=1 (Aq*)^ Bp. (A 3.6)
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and
a ^ F ( f )
a P j ^ P i .0 N X=1 (Ao*) 2 3Pj
Po (A3.7)
S u b s t i t u t i n g  e q u a t i o n s  ( A 3 .7 )  and ( A 3 .6 )  i n t o  ( A 3 .5 )  and  u s i n g  
( A 3 .2 )  we h a v e
N X-
N
A=l.(Aa*)^ j=l
n Bcj  ^ ( f )  3a^ ( f )
9 P i  fO j
6p. = 0 ( A 3 .8 )
A f t e r  r e a r r a n g i n g ,  we h a v e
A=1 j = l  (Aq* ) ^   ^ ^P i
9 c ^ ( f )  B o ^ ( f )
r O
Bp.
d p .
A = l ( A o * )2
[ a ,  - ' - a ,  ( f  ) ]
Bp. ( A 3 .9 )
T h e r e  a r e  n  s i m u l t a n e o u s  e q u a t i o n s  o f  t h e  form  ( A 3 . 9 ) .  S o l v i n g
t h i s  s y s t e m  o f  l i n e a r  e q u a t i o n s  f o r  6 f  we o b t a i n  t h e  p r e d i c t e d  minimum
p o i n t  a t  f  = f °  + 6 f .  Due t o  t h e  a p p r o x i m a t i o n s  u s e d ,  t h e  m eth o d  i s  
0v a l i d  f o r  f  n e a r  t h e  minimum p o i n t .
We w r i t e  ( A 3 .9 )  i n  m a t r i x  fo r m
n
A. . A. B . .  j ( i  1> 2 ,  n_
j = l
(A 3.10)
w h e r e
N N
I  a . ^  b and B .^  = \  c . ^
A=1 A=1
w h ic h  c a n  e a s i l y  b e  s o l v e d  f o r  A. b y  t h e  m a t r i x  i n v e r s i o n  m e th o d .
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